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Resumo
Nesta tese, desenvolvemos um esquema de clonagem o´ptica de imagem baseado no efeito
de absorc¸a˜o induzida eletromagneticamente (EIA, do ingleˆs Electromagnetically Induced
Transparency). Apresentamos um modelo teo´rico para o caso de um feixe espacialmente
coerente que preveˆ uma transfereˆncia eficiente da imagem de um feixe forte de acoplamento
para um feixe de prova fraco, sem a difrac¸a˜o usual. No´s estudamos essa transfereˆncia de
imagem em uma nuvem quente de a´tomos de rubı´dio-87 em uma configurac¸a˜o N de 4 nı´veis
degenerados. Os dois feixes teˆm a mesma frequeˆncia o´ptica, mas sa˜o polarizados ortog-
onalmente. Mostramos em nossas simulac¸o˜es que a imagem clonada tem uma resoluc¸a˜o
melhorada por um fator de ‘2’ quando ambos os feixes esta˜o em ressonaˆncia. Tambe´m e´
demonstrado que a introduc¸a˜o de uma pequena dessintonia de 0,5 MHz do feixe de acopla-
mento aumenta a resoluc¸a˜o da imagem clonada em um fator de ‘3’. No´s tambe´m mostramos
experimentalmente que a imagem transferida para o feixe de prova na˜o demonstra a difrac¸a˜o
usual no plano de observao. A semelhanc¸a estrutural entre a imagem original e a imagem
clonada foi calculada em 96,7%. A clonagem de imagens para um feixe espacialmente coer-
ente e´ estudada experimentalmente em func¸a˜o da poteˆncia dos feixes de acoplamento e feixe
de prova e tambe´m em func¸a˜o da dessintonia do feixe de acoplamento. Clonagem o´tica de
imagem por EIA e´ baseada na absorc¸a˜o seletiva de posic¸a˜o do feixe de prova com ı´ndice
de refrac¸a˜o tendo uma participac¸a˜o pequena. Uma comparac¸a˜o com outros esquemas de
clonagem o´ptica estudados na literatura que usam luz totalmente coerente mostra que nosso
esquema tem uma performance similar. A seguir, estudamos experimentalmente a trans-
fereˆncia de uma imagem de um feixe de acoplamento parcialmente coerente espacialmente
para um feixe de prova coerente. A semelhanc¸a das imagens clonadas com a imagem origi-
nal varia de 81% - 98,3% para diferentes casos de grau de coereˆncia com 81% de semelhanc¸a
para o caso de feixe de acoplamento quase incoerente (|γ| = 0,11) e 98,3% de semelhanc¸a
para o caso de feixe quase coerente (|γ| = 0,90). Imagem clonada com difrac¸a˜o mı´nima foi
obtida mesmo para o feixe incoerente usando EIA. Mostramos que a imagem transferida tem
uma resoluc¸a˜o melhor do que a imagem do feixe de acoplamento, no plano de observac¸a˜o,
para diferentes valores do grau de coereˆncia espacial propagando-se no espac¸o livre.
Abstract
In this thesis, we have developed an optical image cloning scheme, based on the effect of
Electromagnetically Induced Absorption (EIA). We present a theoretical model for the case
of fully spatially coherent beam that predicts an efficient transfer of the image from a strong
coupling beam onto a weak probe beam beyond the usual diffraction. We study this transfer
of image in a warm cloud of rubidium-87 atoms in a degenerate 4-level N configuration.
The two beams have the same frequency but they are orthogonally polarised. We show in
our simulations that the cloned image has a resolution improved by a factor of ‘2’ when
both the coupling and the probe beams are at resonance. It is also demonstrated that intro-
ducing a small coupling beam detuning of 0.5 MHz, increases the resolution of the cloned
probe image by a factor of ‘3’. We also experimentally showed that the transferred image
is beyond the usual diffraction at the observation plane. The similarity between the original
mask image and the cloned image was calculated to be 96.7%. Image cloning for a fully
spatially coherent beam is experimentally studied as a function of power of the coupling and
probe beams and also as a function of detuning of the coupling beam. Optical image cloning
through EIA is based on position-selective absorption of the probe beam with refractive index
playing a small role. A comparison with other optical cloning schemes studied in literature
that use fully coherent light shows that our scheme has a similar performance. Later, we
experimentally study, the transfer of a spatially partially coherent coupling beam image onto
a fully coherent probe beam. The similarity of the cloned images with the original mask im-
age ranges from 81% - 98.3% for different cases of degree of coherence with 81% similarity
for the case of nearly incoherent coupling beam (|γ| = 0.11) and 98.3% similarity for the
case of almost fully coherent beam (|γ| = 0.90). Cloned image with minimal diffraction was
obtained even for the incoherent beam using EIA. We show that the transferred image has a
better resolution than the coupling beam image, at the observation plane, for different values
of degree of spatial coherence propagating in free space.
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Chapter 1
Introduction
Any image that is imprinted onto a wave field and propagates in free space suffers
diffraction and eventually blurs. This imposes great limitations to applications like imaging,
optical keying, optical lithography, biomedical applications, among many others. Such dis-
tortions hinder the creation and detection of small images using conventional optics. The
reason behind this is that any image with finite size can be considered as a group of dif-
ferent plane wave components and each component acquires a different phase shift during
its propagation. The superposition of all wave components results in diffraction. It means
that even after propagating only a few Rayleigh lengths [5], the transmitted image will be
distorted. This effect can be eliminated if conditions are tailored such that each plane-wave
component acquires the same phase shift during its propagation. This can be achieved with
the Airy beams [6,7], Bessel beams [8,9], Mathieu beams [10,11] and Parabolic beams [12]
etc., which can propagate without diffraction in free space, since the phase differences be-
tween the different components are exactly compensated by the initially spatially dependent
phases.
Cloning (transfer) of images between different polarisations and frequencies us-
ing Gaussian beam has also attracted a great deal of attention in the past few years to counter-
act this limitation of diffraction. Optical image cloning based on Coherent Population Trap-
ping (CPT) [1, 13], Electromagnetically Induced Transperancy (EIT) [14, 15], Four Wave
Mixing (FWM) [16], Raman gain [17] and Saturated Absorption Spectroscopy (SAS) [18]
in atomic vapours have been investigated as ways to reduce the detrimental effects of diffrac-
tion and control the propagation of arbitrary images. In all the studies mentioned above,
optical image cloning was purely studied inside an atomic vapour cell without applying any
lens system to minimise the diffraction effects. This was done in order to directly illustrate
the mechanism of cloning beyond the usual diffraction. Some of the aforesaid schemes have
been demonstrated experimentally [1, 14, 16]. The mechanisms based on coherent effects
(EIT/CPT) are particularly interesting because they allow an effective modulation of images
by the susceptibility of the medium.
CPT was first experimentally observed by Alzetta et al. [19] as a decrease in
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the fluorescence emission from Na atoms in a vapour cell. It arised when the atoms were
being optically pumped into a dark non-absorbing state by the excitation beams. Once it was
pumped, the atoms were trapped in that state as there was no way to spontaneously decay
from that state and thus it is called coherent population trapping. It is typically studied in
a regime when both the pump and the probe lasers have almost the same powers. EIT was
first predicted in 1989 by Harris et al. [20],and shortly after, it was experimentally realised
by Boller et al. [21] in strontium vapours and by Field et al. [22] in lead vapours. It is a
technique for eliminating the effect of a medium on a propagating beam of electromagnetic
radiation. EIT is usually studied in a regime when the pump beam is stronger and probe
beam is weaker. In EIT, the transperancy is entirely caused by the strong coupling beam and
the weak probe beam only measures this transperancy. Cloning based on both EIT and CPT
explores position selective absorption induced by an intensity mask placed on the path of
a strong coupling beam. A simultaneous spatial manipulation of the refractive index of the
atomic vapor by the coupling beam along the transverse direction affects the propagation of
the probe beam, thus resulting in decreased diffraction. Figure 1.1 shows the results obtained
by reference [1].
Figure 1.1: Two-slit structure imprinted on the coupling beam, (b) the diffracted coupling
beam image obtained at z = 300 mm and (c) the cloned probe beam monitored at z =
300 mm [1].
Figure 1.1(a) is the mask of the horizontal structure that was imprinted onto the coupling
beam. Figure 1.1(b) shows the diffracted coupling beam image at z = 300 mm. Figure 1.1(c)
shows the cloned probe beam image based on the effect of CPT at z = 300mm. The mask
is reproduced in probe beam with similar resolution, but theory [13] predicts a narrowing
factor of ‘2’. The reason of the small blur in the cloned image was explained as resulting
from free space between the front surface of the mask and the front face of the vapour cell
in the experimental setup and also because of the unbalanced heating of vapour cell. In
this article [1], optical image cloning was studied as a function of power of the pump and
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probe beams and also as a function of temperature of the vapour cell. The similar results
were obtained using the EIT effect [14] where they used a doughnut shaped image for their
studies.
Fristenberg et al. [15, 23] also presented a scheme to eliminate diffraction ac-
cording to which the elimination of diffraction takes place by manipulating the linear sus-
ceptibility in momentum space, in contrast to the image in real space. Diffraction free image
transfer based on CPT was also studied in [24] using anti-propagating coupling and probe
beams. Like other studies, they also imprinted the image on the control field and trans-
ferred this image to a probe beam inside atomic vapour cell. They used a lens system for
the coupling beam to minimise the diffraction effects before entering into the vapour cell.
They demonstrated the transfer of the coupling beam image onto two probe beams showing
the feasibility of transferring the image onto multiple probe beams at the same time inside
vapour cell.
There are other schemes for optical cloning: Raman gain system, saturated ab-
sorption spectroscopy etc. We explore the effect of electromagnetic induced absorption
(EIA) for optical cloning. Under EIA, an enhancement of the absorption of a weak probe
field takes place in the presence of a strong coupling field. It was first observed by Lezama
et al. in 1998 [25, 26] and this effect is opposite to EIT. EIT/CPT-based schemes for optical
cloning already have low transmission due to the presence of medium absorption [1, 14].
Therefore, at first, EIA may seem like an unlikely mechanism for cloning given its enhanced
absorption. Therefore, in this thesis, we show the feasibility of optical image cloning based
on the effect of EIA.
Many of the potential applications of optical image cloning use incoherent light
for imaging as it gives better image quality. There are just few studies that have been carried
out to show the interaction of thermal light with the EIT medium [27, 28] and CPT [29, 30].
Moreover, we also show in our results the actual transfer of thermal light image onto the
coherent beam inside the vapour cell.
1.1 Thesis Summary
The ultimate goal of this thesis is to transfer the images from one beam to the
other and consequently minimise the diffraction effects that cause distortions in the images.
This thesis explores both theoretically and experimentally, optical image cloning based on
the effect of EIA which served as a tool to counteract the limitation of diffraction.
In the first part of this thesis, we studied optical image cloning using a coherent
beam. We theoretically modelled optical cloning of horizontal lines and studied the propa-
gation of cloned probe beam in the presence of a focussed coupling beam inside the vapour
cell. We also studied optical cloning as a function of the detuning of the coupling beam.
We experimentally demonstrated optical image cloning of the horizontal lines and studied it
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as a function of detuning of the coupling beam. Later, we cloned an octagon structure and
studied it as a function of the power of the coupling and probe beams.
The second part of this thesis is based on optical image cloning as a function of
spatial partial coherence of the coupling beam. The motivation behind studying cloning with
incoherent light is that imaging with incoherent light generally gives better image quality
since most of the interference effects that can complicate an image are destroyed. Also, when
an object with high spatial frequencies is illuminated by coherent light, the resulting image
will suffer from ringing effects around sharp edges (known as Gibbs phenomenon). This
effect disappears under incoherent illumination. In general, incoherent imaging is far more
common than coherent imaging and many of the potential applications of optical cloning use
incoherent light.
Overcoming this limitation of diffraction, via EIA, will facilitate the wide variety
of applications like optical lithography, optical keying, free-space communications, with
optical image processing as the most dominant one.
1.2 Thesis Layout
Chapter 2 addresses the necessary theoretical background related to the interaction of matter
with radiations with focus on a 4-level system. This chapter also addresses our theoretical
model of optical cloning, via EIA.
Chapter 3 presents the basic experimental setup and all the required apparatus used for
the experiment. This chapter presents the experiment of saturated absorption spectroscopy
which was done to calibrate the frequency of the lasers. The experiment done in order to
characterise EIA is also presented in this chapter.
Chapter 4 presents our experimental investigation of optical image cloning based on EIA
with coherent beams. We present optical image cloning as a function of power of the cou-
pling and the probe beam. Image cloning as a function of the detuning of coupling beam is
also presented in this chapter. The results presented in this chapter are published in [2]
Chapter 5 presents the necessary theoretical background of the partially coherent laser
beam. It also addresses the generation and characterisation of partially coherent beam.
Chapter 6 presents our experimental results of optical image cloning, via EIA, using spa-
tially partially coherent beam.
Chapter 7 summarises the work presented in the preceding chapters including the conclu-
sions drawn from the work. The future perspectives of this work are also discussed in this
chapter.
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Appendices
Supplementary information of our work is presented in the appendices.
Appendix A presents the rubidium spectroscopic data and energy level diagram of the 87Rb
D2 transition.
Appendix B presents the split-step operator method used for the analysis of beam propaga-
tion through an inhomogeneous medium.
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Chapter 2
Theory
This chapter consists of mainly two sections. The first section guides through the theory that
one needs to understand the interaction of light with matter. The second section deals with
our theoretical investigation of optical image cloning based on EIA.
2.1 Interaction of light with matter
In this section, we start our discussion with the concept of density matrix. Af-
terwards, we discuss about the Liouville equation which describes the temporal evolution
of the system. Later, we show the optical Bloch equations for 4-level atoms that model the
physical system for our theoretical and experimental studies of optical image cloning, via
EIA. The discussion in this section primarily follows [31, 32].
2.1.1 Density matrix
To study incoherent or dissipative processes, it is vital to shift to a statistical
description. For this, it is needed to investigate not only the interaction of the light field with
the atoms (using Schro¨dinger equations) but also the interaction of an atomic ensemble with
the light field (using density matrix). The density of a pure state can be defined as:
ρ = |ψ〉 〈ψ| , (2.1)
where |ψ〉 is the state vector. Considering the energy representation, the 2 x 2 - density
matrix is given as:
ρ =
(
ρ11 ρ12
ρ21 ρ22
)
. (2.2)
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For an idealised two-level atom, the state vector |ψ(t)〉 can be written as a superposition of
the two energy eigenstates of the system. In particular, at time t = 0, we can write:
|ψ〉 = c1 |1〉+ c2 |2〉 . (2.3)
The density matrix is: (
ρ11 ρ12
ρ21 ρ22
)
=
(
c1c
∗
1 c1c
∗
2
c2c
∗
1 c2c
∗
2
)
. (2.4)
Here, each element of the density matrix corresponds to a physical quantity. The terms in
the main diagonal, ρ11 and ρ22, contains the population probabilities for the states; whereas
the off-diagonal term, ρ12 and ρ21, gives the coherence between the two states. The density
operator can also be applied to a statistical mixture of pure states and has the form:
ρ =
∑
j
pj |ψj〉 〈ψj| , (2.5)
with pj is the probability of being in the state |ψj〉.
2.1.2 Liouville-von Neuman equation
Schro¨dinger equation describes how a pure state evolves in time. Generally,
when dealing with the mixed states, density operators are useful as they describe mixed states
in terms of the ensemble of pure states. From the Schro¨dinger equation for the wavefunction
|ψ〉, the equation of motion for the density operator can be easily derived. The Schro¨dinger
equation and its conjugate are:
〈ψ˙| = i
h¯
〈n|H, (2.6)
|ψ˙〉 = − i
h¯
|n〉H, (2.7)
where H is the Hamiltonian of the system, h¯ is the reduced Planck’s constant.
We now take the time derivative of the density operator
ρ =
∑
j
pj |ψj〉 〈ψj| . (2.8)
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We get,
ρ˙ =
∑
j
pj(|ψ˙j〉 〈ψj|+ |ψj〉 〈ψ˙j|), (2.9)
ρ˙ = − i
h¯
∑
j
Hpj |ψj〉 〈ψj|+ i
h¯
∑
j
Hpj |ψj〉 〈ψj| , (2.10)
ρ˙ = − i
h¯
(Hρ− ρH), (2.11)
ρ˙ = − i
h¯
[H, ρ], (2.12)
which is known as Liouville-von Neuman equation and it is the density operator equiva-
lent of Schro¨dinger equation. To account for the effects like collision between atoms and
spontaneous emissions and decays, the Liouville equation can be written as:
ρ˙ = − i
h¯
[H, ρ] +
∂ρ
∂t
∣∣∣∣∣
relax
, (2.13)
which is called the optical Bloch equation where the second term of equation (2.13) includes
all the relaxation effects imposed on the system which will be discussed in the next section
for our particular atomic system.
2.1.3 Optical Bloch Equations: 4 - level atoms
In order to understand the interaction of an atomic system with near-resonant
monochromatic radiation, optical Bloch equations are proved to be a useful tool. The evolu-
tion of both the coherences and the populations can be derived from the Liouville equation.
In this section, we will discuss about the optical Bloch equations for a four-level system as
investigated in [33, 34]. Our experiment of optical image cloning is based on four-level N-
configuration atoms, which produces EIA. But before proceeding towards the derivation of
optical Bloch equations for a 4-level system, we will discuss about the effect of EIA.
EIA is the enhanced absorption of a probe beam, inside an atomic medium, in the
presence of a coupling beam. It was first predicted in 1998 [25] and experimentally observed
in 1999 [26] by the same group. EIA has been identified in seven different configurations [33,
35–40]. For EIA to occur due to the transfer of coherence (TOC), the polarisations of both the
coupling and the probe beams should be orthogonal. It has been explored in [33,35], whereas
EIA due to transfer of population (TOP) requires the condition that the polarisations of both
the coupling and the probe beams should be the same and has been explored in [35, 36]. It
has been shown in [35] that EIA-TOC occurs due to the spontaneous emission between the
excited and the ground degenerate states and EIA-TOP occurs due to the collisional TOP to
Zeeman sublevels that do not interact with the coupling beam. Previously, it was considered
that EIA occurs just in a four level system but the studies in [38, 39] demonstrated that a 4-
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level system is not required to observe EIA. EIA in a degenerate lambda system is observed
in [38] and EIA in non-degenerate three-level system has been explored in [39].
The theoretical and experimental work followed in this thesis is based on EIA-
TOC, as we used orthogonal coupling and probe beam polarisations.
The purpose of exploring EIA-TOC and not EIA-TOP for optical cloning is that
under EIA-TOP, as the polarsiations of both the beams are same, the coupling beam cannot
be blocked by a polariser after the vapour cell. In order to record the probe beam image, it is
important to introduce an angle between the coupling and the probe beams. An introduction
of the angle between the beams results in a reduction of an EIA effect as contrast to EIT [41]
which can affect the quality of the cloned image.
EIA-TOC
Taichenev et al. [34] first showed that EIA occurs due to the transfer of coherence
from the excited state to the ground state. However, they didn’t mention about the systems
where TOC occurs without resulting in EIA. The conditions for EIA-TOC to occur were
clarified by Goren et al. [33, 35]. Along with the requirement of orthogonal polarisations of
pump and probe beams, the excited and ground hyperfine states must also meet the following
criteria [26]: Fe = Fg + 1 and Fg > 0. EIA - TOC requires two nearly degenerate ground
states and two nearly degenerate excited states making up an N-system (see Figure 2.1)
Figure 2.1: Energy level scheme for N-configuration atoms. The solid red lines correspond
to the coupling field and dashed red line corresponds to the probe field.
Let us consider an atomic system with four states |i〉, i = 1, 2, 3, 4. The odd
numbered states |1〉 and |3〉 belong to the ground states with zero energy whereas |2〉 and |4〉
correspond to the excited levels with energy h¯ω0. Γ is the spontaneous decay rate from the
excited states to all the ground states. The bichromatic light field is given by:
E(r, t) = Ec exp[−i(ωct− kc · r)] + Ep exp[−i(ωpt− kp · r)] + c.c. (2.14)
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where kc and kp are the wavevectors associated with frequencies ωc and ωp respectively.
The σ+ coupling beam with the amplitude Ec and frequency ωc drives the two transitions
(|1〉→|2〉 & |3〉→|4〉) simultaneously. The σ− probe beam with amplitude Ep and frequency
ωp couples the level |3〉→|2〉. The transition |1〉→|4〉 is not allowed due to the selection rule.
In the rotating frame, the Hamiltonian can be written as:
Hˆ0 = h¯δ1 |1〉 〈1|+ h¯δ2 |3〉 〈3|+ h¯(δ2 − δ1) |4〉 〈4| , (2.15)
where δq = −∆q − (kq · v) with ∆q = ωq - ω0 (q = 1, 2) are the detunings including the
doppler shifts. Using the rotating wave and dipole approximations, the Hamiltonian can be
written as:
ˆHA.F. = h¯ΩcQˆ1 + h¯ΩpQˆ2 + h.c. (2.16)
Here Ωc and Ωp corresponds to the Rabi frequencies of the coupling and probe beam respec-
tively and the operators Qˆ1 and Qˆ2 are given by:
Qˆ1 = A |2〉 〈1|+ |4〉 〈3| , Qˆ2 = B |2〉 〈3| , A2 +B2 = 1, (2.17)
where A and B are real numbers withA =
√
µ212/(µ212 + µ223) andB =
√
µ232/(µ212 + µ223).
When discussing realistic systems, the coupling Rabi frequency is actually the reduced Rabi
frequency Ω and is related to the Rabi frequency of the individual transitions by the rela-
tion [42]:
2Vi,j =
2µi,jE
h¯
= (−1)Fe−me
(
Fe 1 Fg
−me q −mg
)
Ωc, (2.18)
where Ωc = 2 〈Fe| |µ| |Fg〉E/h¯ is the general coupling Rabi frequency for the Fe→Fg tran-
sition. The optical Bloch equations for the atomic density matrix can be written as [43]:
d
dt
ρˆ+
i
h¯
[Hˆ0 + HˆA.F., ρˆ] +
Γ + γ
2
{
Pˆe, ρˆ
}
−
bΓ
∑
q=1,2
ˆ
Q†qρˆQˆq +
Γ
2
{
Pˆg, ρˆ− ρˆ(eq)
}
= 0, (2.19)
where Pˆe=|2〉〈2|+|4〉〈4| is the projector onto the excited level, Pˆg=|1〉〈1|+|3〉〈3| is the pro-
jector onto the ground level, ρˆeq is the density matrix in equilibrium i.e. in the absence
of the optical fields, Γ is the spontaneous decay rate from the excited states (|2〉 and |4〉)
to the ground states (|1〉 and |3〉) and γ is the rate of transfer to and from reservoir due to
time of flight of the atoms through the laser beams. The 3rd term on the left hand side of
equation (2.19) describes the radiative damping of the excited-level populations and optical
coherences from the excited level to the ground level. The 4th term on the left hand side of
equation (2.19) corresponds to the transfer of coherence from the excited states to the ground
states and the value of the parameter ‘b’ lies between 0 and 1. The last term on the left side
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of equation (2.19) describes the external optical pumping of the levels and we consider that
this effect is mainly due to the laser-atom interaction time.
Figure 2.2 shows the plot of an imaginary component of susceptibility as a func-
tion of detuning of the probe beam for b = 0 and b = 1. Here, b = 1 corresponds to a closed
(cycling) transition, where we can see an enhanced absorption related to an EIA signal and
b = 0 corresponds to an open transition with no TOC, resulting in a negative resonance that
is related to an EIT signal.
Figure 2.2: Imaginary component of susceptibility as a function of probe beam detuning for
b = 0 and b = 1, Vp = 0.001, V2 = 0.1, γ = 0.
The density matrices can be written in terms of their Fourier amplitudes as:
ρij = σij exp [−iωit] , (2.20)
ρ23 = σ23 exp [−iωpt] , (2.21)
ρ41 = σ41 exp [−i (ω1 + ω2 − ωp) t] , (2.22)
ρ24 = σ24 exp [−i (ωp − ω2) t] , (2.23)
ρ13 = σ13 exp [−i (ωp − ω1) t] , (2.24)
where,
ω1 is the frequency of the coupling laser that couples the level |1〉 to |2〉,
ω2 is the frequency of the coupling laser that couples the level |3〉 to |4〉,
ωp is the frequency of the probe laser that couples the level |3〉 to |2〉.
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The Bloch equations for a four level N-configuration can thus be written as:
˙σ11 = A
2Γσ22 − i [V1σ12 − V ∗1 σ21]− γ (σ11 − σeq11) , (2.25)
˙σ33 =
(
B2σ22 + σ44
)
Γ− i [Vpσ32 − V ∗p σ23 + V2σ34 − V ∗2 σ43]− γ (σ33 − σeq33) , (2.26)
˙σ13 = − [i (δp − δ1) + γ]σ13 − i [Vpσ12 + V2σ12 − V ∗1 σ23 + bAΓσ24] , (2.27)
˙σ21 = − (iδ1 + Γ/2 + γ)σ21 − i [V1 (σ22 − σ11)− Vpσ31] , (2.28)
˙σ34 = − (iδ2 + Γ/2 + γ)σ43 − i [V2 (σ44 − σ33) + Vpσ42] , (2.29)
˙σ23 = − (iδp + Γ/2 + γ)σ23 − i [Vp (σ22 − σ33) + V2σ24 − V1σ13] , (2.30)
˙σ41 = − (iδ1 + δ2 − δp + Γ/2 + γ)σ41 − i [V1σ42 − V2σ31] , (2.31)
˙σ22 = − (Γ + γ)σ22 − i
[
V ∗1 σ21 − V1σ12 + V ∗p σ23 − Vpσ32
]
, (2.32)
˙σ44 = − (Γ + γ)σ44 − i [V ∗2 σ43 − V2σ34] , (2.33)
˙σ24 = − [i (δp − δ2) + Γ + γ]σ24 − i [V ∗2 σ23 − V1σ14 − Vpσ34] , (2.34)
and the equation for conservation of atomic population is:
4∑
i=1
σii = 1, (2.35)
where,
V1 is the Rabi frequency of the coupling laser that couples the level |1〉 to |2〉,
V2 is the Rabi frequency of the coupling laser that couples the level |3〉 to |4〉,
Vp is the Rabi frequency of the probe laser that couples the level |3〉 to |2〉,
δ1 is the detuning of the coupling laser that couples the level |1〉 to |2〉 and is defined as:
δ1 = ω21 − ω1,
δ2 is the detuning of the coupling laser that couples the level |4〉 to |3〉 and is defined as:
δ2 = ω43 − ω2,
δp is the detuning of the coupling laser that couples the level |2〉 to |3〉 and is defined as:
δp = ω23 − ωp,
σeqii (i = 1, 3) are the equilibrium population of state i, in the absence of any electromagnetic
fields,
Γ is the spontaneous decay rate from the excited states (|2〉 and |4〉) to the ground states (|1〉
and |3〉) and
γ is the decay rate due to time of flight.
As we are interested in the steady state regime, the derivatives of σij in equations
(2.25-2.34) will be zero and the atomic coherence σ23 can be obtained numerically by solv-
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ing the resulting system of equations. From σ23, we determine the atomic susceptibility at
frequency ωp:
χ (ωp) =
N0d
2
23
h¯ε0Ωp
σ23, (2.36)
where N0 is the atomic density of the inhomogeneously broadened media. The real and
imaginary parts of complex susceptibility are used to define the absorption coefficient α and
refractive index n. The absorption coefficient of the probe beam can be calculated by:
α (ωp) =
4piωpN0|µ23|2
cVph¯
Im[σ23(ωp)], (2.37)
and the probe refractive index can be calculated as:
n (ω)p − 1 =
N0|µ23|2
Vph¯
Re[σ23(ωp)]. (2.38)
To experimentally observe EIA, we consider the results of Doppler averaging for an atomic
vapour. Due to Doppler effect, there exists inhomogenous broadening in the atomic vapour
because of which the probability of absorption or emission of monochromatic radiation is
not equal for all atoms, but depends on their velocities. Hence, to account for the effects of
thermal motion of the atoms, we must consider the average response of the susceptibility.
Therefore, for a Doppler broadened medium, the susceptibility of the atomic system must be
integrated over all velocity classes:
〈χ (ωp)〉 =
∫ ∞
−∞
χ (ωp, ν) f (ν) dν, (2.39)
where
f (ν) =
1√
piu2
exp−(ν/u
2) (2.40)
is the Maxwellian distribution with u =
√
kBT/m where kB is Boltzmann constant and T is
the absolute temperature. In Equation (2.39) above, the effects of atomic motion are included
by substituting the field detunings δ and δp by their velocity dependent form: δ (v) = δ− kv
and δp (v) = δp − kv. Here, we choose to have both the coupling and the probe beams
copropagating inside the atomic medium (which is the case for our theoretical and exper-
imental investigation of optical cloning, via EIA) and thus they are Doppler shifted in the
same direction. The pump and the probe wave numbers are same: k = 2pi/λ, which is the
case for ω32 = ω21.
The Doppler broadened absorption and refraction can thus be calculated from
Equation (2.39):
〈q〉 = 1
(piD2)1/2
∫ ∞
−∞
q
(
δ′1, δ
′
2, δ
′
p
)
exp
[
− (δ1 − δ′1)2
D2
]
dδ′1, (2.41)
where q = α(ωp) or n(ωp)-1, δ′2 − δ2 ' δ′p − δp ' δ′1 − δ1, and D =
√
kBT/m ω0/c is the
Doppler width which in case of Rubidium is ≈ 530 MHz.
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Figure 2.2(a) shows the imaginary component of susceptibility plotted against
the probe beam detuning. This spectrum is obtained by considering the case of stationary
atoms. In the absence of the coupling beam, we can see an absorption profile of the probe
beam (green line) with a natural linewidth of 6 MHz. When the coupling beam is input in the
atomic medium along with the probe beam, we can see a sharp peak at resonance condition
of the probe beam. This large amplitude subnatural-width at 0 MHz of probe detuning is a
clear manifestation of EIA.
Figure 2.3: EIA (a) in case of homogeneous broadening,for γ = 0 and (b) in an inhomoge-
neous broadened medium, for γ = 0.3 Hz . The inset shows the zoomed part of the dashed
box showing the EIA signal inside an EIT signal.
Figure 2.2(b) shows the absorption profile after thermal averaging for an atomic vapour.
This plot shows the absorption profile of a probe beam in the absence of coupling beam in a
Doppler broadened medium (green line). In the presence of a coupling beam (violet line), we
can see a valley inside the Doppler broadened peak that is due to EIT and saturation effects.
An enlarged view of the region associated with the dashed box is shown in the inset. We can
see that inside this valley, there is a peak due to EIA. Hence, EIA is achievable even for a
Doppler broadened medium. There are actually three effects taking place: Optical pumping
effects, EIT and EIA (a decrease in the transmission of the probe beam in the presence of
the coupling beam). At two-photon resonance, we see an enhancement in the absorption (in
other words: a decrease in the transmission) of the probe beam which is termed as EIA.
Figure 2.4 shows the plot of a real component of susceptibility plotted against
the probe beam detuning. The steep region at zero detuning of the probe beam gives rise to
EIA. We can see the dispersion curves for positive and negative detunings of the probe beam.
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Figure 2.4: Real component of susceptibility plotted against the probe beam detuning for the
case of (a) a homogeneous broadened medium, γ = 0 and (b) an inhomogeneous broadened
medium, γ = 0.3 Hz.
2.2 Numerical Modelling of Optical Image Cloning based
on EIA
This section deals with the theoretical investigation of optical image cloning
based on the effect of Electromagnetically Induced Absorption. In this section, we show the
numerical simulations for optical image cloning of the horizontal lines. We also show the
propagation of the cloned probe beam inside the vapour cell and later, we studied optical
image cloning as a function of coupling beam detuning.
2.2.1 Introduction
Our theoretical model is based on a strong coupling beam and a weak probe
beam interacting with a cloud of 87Rb atoms in the F = 2 → F ′ = 3 closed transition of
the D2 line. This transition is closed, hence there are no population losses to other ground
levels, i.e. any population that leaves the excited level enters the lower level. Figure 2.5
shows the energy level diagram of F = 2→ F ′ = 3 transition. The F = 2 level corresponds
to 5 degenerate states for which mF = -2, -1, 0, +1, +2 and F ′ = 3 level corresponds to 7
degenerate states for which mF ′ = -3, -2, -1, 0, +1, +2, +3. By considering both the coupling
and probe beams as circularly polarised beams with orthogonal polarisations, the system can
reduce to an N type configuration due to transition selection rules. The atoms are driven
by a strong σ+ coupling beam (solid red lines) and a weak σ− probe beam (dashed red
line). Optical pumping by the coupling beam transfers all the population into the mF = +2
ground sublevel. Ignoring the other sublevels, the probe beam interacts with the sublevels
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mF = +2 and mF ′ = +1. The coupling beam also couples mF = 0 and mF ′ = +1. Thus
mF = 0↔ mF ′ = +1↔ mF = +2↔ mF ′ = +3 makes an effective N-level-type system.
Figure 2.5: Energy level diagram of the F = 2→ F’ = 3 line in 87Rb.
Taking into an account the notations used in the previous section, we can write the magnetic
sublevels of F = 2→ F′ = 3 line as:
 |1〉 = |F = 2,mF = 0〉 ,
 |2〉 = |F = 3,mF ′ = +1〉 ,
 |3〉 = |F = 2,mF = +2〉 ,
 |4〉 = |F = 3,mF ′ = +3〉 .
The Rabi frequencies of the probe and the coupling beams are written as:
g (r) =
d23 · Ep (r) eikpz
h¯
, (2.42)
G (r) =
d43 · Ec (r) eikcz
h¯
. (2.43)
The effect of propagation of the weak probe beam with Rabi frequency g(x,z) is simulated
using Maxwell’s equations in the following paraxial approximation:
∂g (x, z)
∂z
=
i
2kp
∂2
∂x2
g (x, z) + 2ipikp 〈χ23〉 g (x, z) , (2.44)
where kp = 2pi/λ; λ = 780 nm is the wavelength; 〈χ〉 is the velocity averaged susceptibility
obtained by numerically solving the Bloch equations; x and z are the transverse and axial
coordinates, respectively. We only considered diffraction along transverse direction without
taking into an account the y-dependence in the above equation. This was because, we consid-
ered an infinitely long double slit mask for our simulations. The first term in the right hand
side of equation (2.44) is related to the diffraction of the probe beam and the second term
accounts for the absorption and dispersion of the probe beam. To evaluate 〈χ〉, we solved
equation (2.44) numerically by using a “split-step operator method” (See Appendix A). The
real part-Re[χ] determines the refractive index of the field while the imaginary part-Im[χ] is
related to the absorption of the field.
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The propagation equation for the coupling beam with Rabi frequency G can be
written in the following form:
∂G
∂z
=
i
2kp
(
∂2
∂x2
)
G (2.45)
where ‘x’ is the transverse and ‘z’ is the axial coordinate. Here, we can see that there is only
one term on the right hand side of this equation that corresponds to diffraction. The velocity-
averaged susceptibility 〈χ〉 is not included in the coupling beam propagation equation, as the
interaction of the coupling beam with atoms is negligible.
2.2.2 Schematic setup for optical cloning
We theoretically modelled optical cloning, via EIA, in an extended sample of
N-level atoms. Figure 2.6 shows the schematic setup for optical cloning. The coupling
beam goes through an intensity mask that imprints a real image onto the beam. As the beam
propagates, the spatial structure of the coupling beam changes due to diffraction. As a result,
the medium’s susceptibility χ will be inhomogeneous along the transverse direction inside
the atomic sample. This leads to the absorption of the medium being crucially dependent on
the spatial shape of the coupling beam.
Figure 2.6: Schematic setup for optical cloning. The observation plane is at the dashed line.
Both the coupling and the probe beams enter the vapour cell and propagates
collinearly inside the vapour cell. The length of the cell was set to 10 cm with an atomic
density of 4 x 1010 atoms/cm3. The estimate atomic velocities to be distributed according
to a Maxwellian distribution with a most probable speed of 253 m/s. The input probe beam
was chosen to be Gaussian with a diameter of 4.4 mm. In order to simulate the experimental
setup, we introduced in our theoretical model, a free space of 12 cm between the mask, the
end faces of the cell, and the observation plane located at z = 34 cm. In the next section, we
show the results of our numerical modelling of the cloning of horizontal two-slit structure.
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2.2.3 Cloning of horizontal two-slit structure
The numerical simulations and their respective intensity profiles of the horizontal
two-slit structure can be seen in Figures 2.7 and 2.8, respectively. Figure 2.7(a) shows the
mask image of the horizontal two-slit structure imprinted onto the coupling beam (z = 0 cm).
The coupling beam image after it propagated a distance of z = 34 cm in free space can be
seen in Figure 2.7(b). We can see an additional fringe between the two fringes that were
initially imprinted onto the coupling beam. This additional fringe is due to diffraction and
the original image is distorted.
Figure 2.7: Numerical simulations of the (a) Coupling beam at z = 0 and Rabi frequency
Ω = 0.8γ, (b) coupling beam at z = 34 cm, (c) cloned probe beam image at z = 34 cm with
a free space of 12 cm in the setup, and (d) cloned probe beam image with no free space
propagation between mask and vapour cell. Cloned images are simulated at two-photon
resonance condition. All the four images are in the same scale.
Figure 2.7(c) shows the numerical simulation of the cloned probe beam image at
z = 34 cm. The probe beam that overlaps the dark regions of the coupling beam experiences
more absorption than the portions of the beam that overlap with bright regions due to the
effect of EIA. The cloned image is without the usual diffraction and its resolution is com-
parable to the original coupling beam image. Figure 2.7(d) shows the cloned probe beam
image when no free space propagation was considered and a narrowed cloned image can be
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seen.
Figure 2.8(a) shows the intensity profile of the coupling beam (blue line) and
the probe beam profile (red line) at z = 0 cm. The coupling beam profile corresponds to
a Gaussian beam transmitted by an infinitely long, double slit mask with slit width and
separation together corresponds to 0.8 mm. After propagating for 34 cm, the distortion
in the coupling beam (brown line) due to diffraction can be seen. As the coupling beam
propagates and diffracts, it develops a structure consisting of many peaks, each individually
narrower than the original image [Figure 2.8(b)]. Despite of this diffraction, the structure
of the coupling beam was successfully transfered to the probe beam and its resolution is
comparable to that of an original mask image [Figure 2.8(c)].
Figure 2.8: Intensity profile of the coupling beam at (a) z = 0 cm, (b) z = 34 cm; Intensity
profile of the cloned probe beam image at z = 34 cm (c) with free space in the setup (d) with
no free space between mask and vapour cell.
Figure 2.8(d) shows the cloned image of the horizontal structure and this image is twice
as narrow as the original image which is a similar effect to that reported in [13, 17]. This
narrowing effect can be achieved in an ideal configuration where there would be no free
space between the mask, the end faces of the vapour cell, and the observation plane.
The results shown in Figures 2.7(c) and 2.7(d) (their respective intensity profiles
can be seen in Figures 2.8(c) and 2.8(d) were obtained with the two beams at resonance with
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their respective transitions, hence no modulation of the refractive index of the atomic vapour
took place, which is different from the previously reported cloning results. As mentioned
above, the diffracted coupling beam has a structure consisting of many peaks, each narrower
than the original image. Therefore, only the two main diffraction peaks that are intense
enough cause EIA; they are cloned onto the probe beam and are narrower than the original
image. The diffraction of the coupling beam thus helps to improve the resolution of the
cloned probe image.
2.2.4 Narrowing feature of the cloned beam and cloning mechanism
The narrowing effect can be understood by studying the propagation of a Gaus-
sian probe beam in the presence of a Gaussian coupling beam inside the atomic sample.
Figure 2.9 shows the normalised probe intensity profile at different propagation distances z
inside a 10 cm long vapour cell and no free space propagation is taken into consideration.
Figure 2.9: Intensity profile of the Gaussian probe beam for a focussed Gaussian coupling
beam inside the atomic sample for different propagation distances z.
The input coupling beam has an input width of 260 µm and is focussed to a width of 100 µm
at the end of the vapour cell. The purpose of studying narrowing effect for a focussed cou-
pling beam can be explained by looking at the intensity profile of the coupling beam propa-
gating in free space as seen in Figure 2.8(d). As explained above that as the coupling beam
propagates and diffracts, it develops a structure consisting of many peaks, each individually
narrower than the original image. So, we used a focussed coupling beam to simulate this
narrowing effect. The Gaussian probe beam at z = 0 mm (blue line) has a width of 470 µm.
We can see that as the probe beam propagates through the medium, its width gradually de-
creases. As the probe beam propagates further and further inside the vapour cell, the beam
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becomes narrower and after propagating for a distance of z = 40 mm, the width of the Gaus-
sian probe beam (green line) is 245 µm. At the output of the vapour cell (z = 100 mm), the
width of the Gaussian probe beam (black line) is 130 µm which is almost 2 times narrower
than the input coupling beam. Therefore, the finesse of the cloned probe beam is 2 times
greater than that of the input coupling beam. The simulations in Figure 2.9 were done to
study the cloned Gaussian beam in the presence of a focussed coupling beam. However,
focussing of the coupling beam is not required to observe a narrowing of the probe beam.
Figure 2.10 shows the normalised probe intensity profile at different propagation
distance z for an unfocussed coupling beam. We observed the narrowing of the coupling
beam for an unfocussed coupling beam too but the size of the beam is not as narrow as for
a focussed coupling beam. The probe beam’s width for the unfocussed coupling beam is
200 µm.The narrowing effect is due to the nonlinear nature of atomic susceptibility under
EIA. The portion of the probe beam that overlaps with the intense region of the coupling
beam undergoes less absorption than the portion of the probe beam that overlaps with the
wings of the coupling beam.
Figure 2.10: Intensity profile of the Gaussian probe beam for an unfocussed Gaussian cou-
pling beam inside the atomic sample for different propagation distances z.
The more the probe beam propagates inside the cell, the more its wings are reduced with
respect to its peak by nonlinear absorption of the atoms, thus resulting in the narrowing of
the probe beam.
We also studied the narrowing effect for the cloned probe beam image as a func-
tion of coupling beam detuning [Figure 2.11].
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Figure 2.11: Narrowing factor as a function of coupling beam detuning [2]
The dashed black line shows the narrowing factor as a function of coupling beam detuning.
We observe that at small positive detuning of the coupling beam, the cloned probe beam
image becomes three times narrower than the input coupling beam. There is an asymmetry
in the positive and negative detunings of the coupling beam. This is because positive detun-
ings tend to focus and negative detunings tend to defocus the cloned beam [17]. In order
to investigate the nature of the dependence of the narrowing factor on the coupling beam
detuning, in evaluating equation (2.44), we artificially removed the real component of 〈χ〉
that is associated with the refractive index and only considered the imaginary component of
〈χ〉 (solid red line) that is associated to the absorption. We observe a very small change in
the narrowing factor; however, the main features of both the curves are similar. It is therefore
clear that the detuning of the coupling beam changes the width of the cloned image mainly
through the absorptive properties of the atomic sample, with modulation of the refractive
index playing a secondary role.
We can explain the cloning mechanism further by studying the transverse vari-
ation of the probe field susceptibility [Figure 2.12]. In Figure 2.12(a), the imaginary com-
ponent of susceptibility is plotted against the transverse position of the probe beam. The
green line shows Im 〈χ〉 at zero detuning of the coupling beam, the blue line at +1 MHz of
coupling beam detuning and the red line at -1 MHz of the coupling beam detuning. We can
see that it has maximum transmission at the central portion that is overlapping the intense
portion of the coupling beam and the absorption gradually increases towards the wings of the
beam. The cloned probe beam for blue and red detunings have comparably low transmission
at the central portion than for the case of zero detuning of the coupling beam. Cloning is
occuring due to the absorption of the probe beam without any role of refractive index in the
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medium.
Figure 2.12: (a) Imaginary and (b) Real components of susceptibility plotted against the
transverse position of a probe beam.
Figure 2.12(b) shows the transverse variation of Re 〈χ〉, which is related to the refractive
index. The sign of Re 〈χ〉 is dependent on the sign of the coupling beam detuning. At
blue coupling beam detunings, Re 〈χ〉 is maximum at line centre and it gradually decreases
towards the wings. Hence, a convex-like refractive index profile is generated onto the atomic
medium. On the other hand, for red detunings, the minimum value of the real component
of susceptibility is at x = 0 and a concave-like refractive index is generated onto the atomic
medium. Therefore the induced refractive index profile will focus or defocus the probe
beam towards the centre of the pump beam, thus resulting in narrowing or broadening of
the probe beam. However at two-photon resonance condition, Re 〈χ〉 becomes spatially
independent and the changes in the probe profile occur exclusively due to the nonlinear
nature of absorption under EIA.
2.2.5 Optical image cloning as a function of detuning of the coupling
beam
Next, we studied optical image cloning of the horizontal lines as a function of
detuning of the coupling beam [Figure 2.13].
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Figure 2.13: Intensity profiles of the cloned horizontal lines with a detuning of (a) +0.5 MHz,
(b) -0.5 MHz, (c) +1 MHz, (d) -1 MHz, (e) +3 MHz, (f) -3 MHz (g) +6 MHz, and (h) -6 MHz.
The horizontal two-slit structure was imprinted onto the coupling beam and this cloned struc-
ture was studied by changing the frequency offset of the coupling beam. We can see that
introducing a small positive detuning of 0.5 MHz eliminates the diffraction at the observa-
tion plane completely. We can also see that the quality of the cloned image for positive
detunings is better than the negative detunings. Moreover, we can see that image cloning
works best near resonance and as the coupling detuning increases, the diffraction pattern
starts appearing.
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2.3 Summary
In this chapter, we discussed about the theoretical background of the interaction
of light with matter. We also discussed about the optical Bloch equations for 4-level atoms
that model the physical system for our theoretical and experimental studies of optical image
cloning, via EIA.
In the second part of this chapter, we presented our theoretical investigation of
optical image cloning. We started with the presentation of 4-level scheme for EIA-TOC. We
numerically modelled the cloning of horizontal lines. We discussed the cloning mechanism
though EIA. There are three processes taking place: EIT, saturation effects and EIA. At F = 2
→ F’ = 3 transition of Rb87 atoms, we explored EIA effect to clone the coupling beam image
onto the probe beam and minimise the diffraction effects. We showed that cloning is mainly
dependent on the position selective nonlinear absorption of the probe beam. The modulation
of the refractive index plays a small role in optical image cloning.
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Chapter 3
Experimental Setup
This chapter describes the instrumentation and experimental setup used for the cloning ex-
periments presented in this thesis. This chapter also describes the saturated absorption spec-
troscopy technique which was used to calibrate the frequency of the lasers. We also show
the characterisation of EIA in this chapter.
3.1 External Cavity Diode Laser
The lasers used for our experiments were home-built, external cavity diode lasers
(ECDLs) in a Littrow configuration. We used just one laser for our experiment of optical
image cloning but we used two lasers for the characterisation of EIA. These lasers were
tuned at F = 2→ F’ = 3 transition of D2 line of 87Rb. The maximum output power achieved
from ECDLs was around 35 mW. These lasers operate around 780 nm and were already
developed as a part of another student’s thesis in our group [44].
Figure 3.1 shows the assembly of ECDL in a Littrow configuration used for the
cloning experiments. It consists of three main components: the diode, the collimation lens
mounted in a collimation tube and the diffraction grating. The diode couples to an exter-
nal cavity that incorporates a diffraction grating as a wavelength-selective element, which
then provides frequency selective feedback to the laser. The grating is adjusted in a Littrow
configuration such that the first order diffraction from the grating is coupled directly back
into the laser while the zeroth-order diffraction is reflected as the output beam. For coarse
wavelength tuning, the grating is adjusted using horizontal and vertical screws. The diode
normally operates around 785 nm but the grating angle was adjusted approximately at 45◦ to
operate at 780 nm. In order to do fine adjustments of frequency, a Piezoelectric Transducer
(PZT) was used to control the grating element. A ramp voltage was applied to PZT to scan
across a range of frequencies where a grating chooses a certain frequency and send it back
to diode for amplification. A scanning Fabry-Perot interferometer was used to analyse the
laser spectrum ensuring the single mode operation of ECDL. The temperature of ECDLs was
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regulated by using a peltier thermoelectric cooler using LDC500 controllers from Stanford
Research Systems with a stability of 0.01 mA in current and 0.001 K in temperature.
Figure 3.1: ECDL in Littrow configuration- top view.
It was necessary to control the temperature of the laser because if it becomes too hot, it
might suffer fatal damage resulting in a breakdown. Apart from the risk of breakdown, high
temperature also cause a change in the frequency and power of the laser. Similarly, the
current of the laser can also affect its frequency. The threshold current of both the lasers was
approximately 33 mA and the temperature of the lasers was adjusted around 17.3 ◦C. The
output beam from ECDL had an elliptical profile with the diameter ratio as 1:3. The spatial
shape of the beam was later made circular using an anamorphic prism pair.
In order to tune the laser to the right frequency, a rubidium cell was used as a
reference. When the laser was at resonance, we could see a fluorescence at the centre of
the cell. Figure 3.2 shows the photograph of the rubidium vapour cell used for frequency
reference.
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Figure 3.2: Rubidium vapour reference cell.
In order to do tune the laser to F = 2 → F’ = 3 transition of 87Rb atoms, we performed an
experiment of saturated absorption spectroscopy which will be discussed in detail in section
3.2.
3.2 Saturated Absorption Spectroscopy (SAS)
3.2.1 Introduction
Thermal motion of atoms result in a broadening of spectral lines, thus reducing
the resolution of the hyperfine transitions on which the laser can be stabilised. This effect can
be reduced or eliminated if the atoms are cooled down to a millikelvin temperature. In order
to overcome the limitations of doppler broadening in a hot atomic sample, SAS (first devel-
oped by Ha¨nsch and Schallow in early 70’s) was used for our experiments where we used a
pump-probe scheme rather than cooling down the atoms to extremely low temperatures.
Figure 3.3: Transition between energy levels E1 & E2 excited by a laser with optical fre-
quency ν. Saturated absorption spectroscopy with a strong pump and a weak probe beam.
In order to understand the doppler broadening effect in gaseous samples, it is
important to discuss the Doppler effect. Doppler effect takes place when the frequency shift
occurs because of the source approaching or receding the observer. Molecules in the gas
move in a chaotic manner in all directions with the most probable speed of 293 m/s. We
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only consider the z-components of the velocities of the atoms as it is just the horizontal
component of the velocity (parallel to the laser beam) that causes the Doppler shift of the
resonance frequency ν0.
When the laser is at resonant frequency (ν0), it will interact with the same group
of atoms that have zero velocity in z-direction. The atoms moving towards the laser beam
will see blue shifted radiation and the atoms absorb the radiations with frequency less than
the resonant frequency (ν<ν0). Similarly, if the atoms are moving away from the laser beam,
they see red shifted radiation. For this case, the frequency of the laser beam should be greater
than the resonant frequency(ν>ν0). Therefore these atoms will absorb a range of frequencies
and cover all the hyperfine structures and we observe one broad absorption line which in case
of rubidium is ∼ 530 MHz at room temperature.
Figure 3.4: Lamb dip at the center ν=ν0 of a doppler broadened absorption line [3]
At resonant frequency of the E1 to E2 transition, when the pump beam passes through vapour
cell, the atoms absorb it and excites from the ground state (E1) to the higher energy level (E2),
thus populating the excited state (E2). It can be thus said as if the pump beam has saturated
the transition and thus the ground and the excited states have equal no.of atoms. So, when
the probe beam passes through the cell, it suffers less absorption and thus the linewidth of the
transition reduces. The sharp dip in the absorption spectrum (of the probe beam) for ν=ν0
is referred to as a Lamb dip (See Figure 3.4). The natural linewidth of the D2 line of 87Rb is
∼ 6 MHz.
3.2.2 Experimental setup
The experimental setup for the saturated absorption spectroscopy can be seen in
Figure 3.5.
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Figure 3.5: Schematics of the optical setup for saturated absorption spectroscopy. APP -
Anamorphic Prism Pair; OI - Optical Isolator; BS - Beam Splitter; NDF - Neutral Density
Filter; M1 & M2 - Mirrors; PD - Photodetector.
The beam splitter picks up a small part of the beam for the saturated absorption spectroscopy
and the other beam was sent to the experiment of optical image cloning. The beam was
passed through a beam splitter and into the cell. The first pass of the beam acted as a pump
beam and then after reflecting from the mirror ‘M’, it was back-reflected into the cell and
thus interacting with the same group of atoms. The power of the probe beam was attenuated
by using a neutral density filter. The frequency of the laser was varied using PZT inside laser
cavity to sweep through the atomic absorption lines. The cell used for SAS is filled with 28
% abundance of 87Rb and 72 % abundance of 85Rb and was kept at room temperature.
Figure 3.6: Saturated Absorption Spectroscopy signal of 87Rb isotopes.
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Figure 3.6 shows a typical Doppler free saturated absorption spectrum for 87Rb D2 transition.
We can see transitons from F = 2→ F ’ = 1 , 2 & 3. In addition to these peaks, some other
peaks can also be seen in the above spectrum which are referred to as cross-over peaks that
arise when the pump beam is resonant with one transition while the probe beam with another
transition.
3.3 Rubidium Vapour Cell
The heart of our experiment is a 10 cm long rubidium vapour cell filled with
isotopically enriched 87Rb and nitrogen buffer gas. The windows of the vapour cell are at
Brewster’s angle to minimise the losses due to reflection of the incident beams. A bifilar
resistance wire wound around the cell heats it up and avoids the condensation of rubidium
on the windows of the cell. The temperature of the cell was measured using a thermocouple.
A pipe insulation foam and a plastic support are wrapped around the rubidium cell and they
can resist the temperature ranging from -65 ◦C to +90 ◦C. Solenoid is wound around this
plastic support but we did not apply any magnetic field, as we are dealing with degenerate
states. Three layers of µ-metal shielding surrounds the solenoid and reduces the influence
of stray magnetic fields. Figure 3.7 shows the scheme of the cell used for the experiment of
optical image cloning.
Figure 3.7: Schematics of the rubidium cell used for the experiment.
As the length of the µ-metal shielding is 18.5 cm, it sets a physical constraint to place the
optical components as close as possible to the cell.
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3.4 Characterisation of the Spectral Properties of EIA
3.4.1 Experimental setup
The experimental setup for the characterisation of EIA can be seen in Figure 3.8.
Two independent lasers (named as Laser 1 & Laser 2) were used for the characterisation of
EIA. A small portion of the beam was picked up for SAS from each laser. The beam from
Laser 1 had some structures on it so we used a fibre optic cable (FOC) that served as a spatial
filter to improve the beam structure. A telescope consisting of two lenses (L 1 & L2) was used
to expand the size of the probe beam, so that it completely covered the coupling beam inside
the vapour cell. Two half wave plates (HWPs) were used to control the power of the probe
and pump beams. The two beams were combined using a polarising beam splitter (PBS)
and sent collinearly inside the cell. A quarter wave plate (QWP) was positioned before the
cell to make the beams circularly polarised. The choice of using circular polarisations rather
than linear polarisations is that our theoretical model (described in Section 1.2) is based on
circularly polarised probe and coupling beams.
Figure 3.8: Schematics of the optical setup for the characterisation of EIA. APP- Anamor-
phic Prism Pair; OI - Optical Isolator; SAS - Saturated Absorption Spectroscopy; FOC -
Fibre Optic Cable; M - Mirrors; P1,P2 & P3 - Polarisers; L1 & L2 - Lenses; PBS - Polarising
Beam Splitter; HWP - Half Wave Plate; QWP - Quarter Wave Plate; PD - Photodetector.
A second QWP was adjusted right after the cell to make the beams linearly polarised again.
A polariser after the cell was used to block the coupling beam, thus transmitting only the
probe beam. The cell was heated to 32 ◦C.A lens L3 was used to focus the probe beam on
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the photodiode. The power of the probe beam was fixed at 110 µW and the power of the
coupling beam was around 12 mW.
In this thesis, we just show the characterisation of EIA while scanning the cou-
pling beam as our study is focussed on the probe beam transmission as a function of coupling
beam detuning. For further information regarding the characterisation of EIA: see ref. [44].
3.4.2 Coupling beam scanning
The weak probe beam was derived from Laser 1 and we kept its frequency to the
closed F = 2→ F’ = 3 transition without locking the laser. The probe beam was monitored
using a photodiode and we observed the increase in the probe beam’s absorption with only
3% transmission. Figure 3.9 shows the transmission spectrum of a probe beam as a function
of coupling beam detuning. In the presence of the strong coupling beam (derived from laser
2), when the frequency of the coupling beam was scanned, we see a sharp EIA dip at line
centre inside a broad peak due to EIT and saturation effects [45].
Figure 3.9: Transmission spectrum of a probe beam as function of coupling beam detuning
[3]: theory (solid line) and experiment (open circles).
The curve with open circles shows the transmission spectrum of the probe beam acquired
experimentally whereas the solid red line shows the results of our theoretical model. We
modelled the EIA spectrum by considering an atomic density of 1.33 x 1016 m−3; a coupling
Rabi frequency of 0.65γ, where γ=2pix6 MHz; and a ground state decoherence rate (due to
laser linewidth) of 1.8 MHz.
Cloning can be explained using this transmission spectrum in a way that under
EIA, at line centre, the transmission of the probe beam is higher in the presence of the
coupling beam than its absence. This contrast in transmission when the coupling beam is
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present or absent is what allows an image to be transferred from the coupling beam onto the
probe beam via position selective absorption.
3.5 Mask
The mask used for the cloning experiment is a standard positive mask (clear field and black
pattern) which conforms the National Bureau of Standards 1963A Resolution Pattern. It has
dimensions of 50.8 mm x 50.8 mm x 1.5 mm (Figure 3.10).
Figure 3.10: Mask used to imprint the image onto the coupling beam. The inset shows the
image of horizontal structure illuminated by incoherent light from LED.
It consists of a series of horizontal and vertical lines in a group with well defined spacings.
The numbers in each group of lines represent their respective frequencies in cycles/mm. We
used the horizontal lines shown at the right side of Figure 3.10 with an interspacing of 0.8
mm and an octagon structure from ”dot” between 1 & 6 for our experiment. Dimensions of
the dot were measured with the aid of an optical microscope.
3.6 Optical setup to study the free space propagation of the
images imprinted onto the coupling beam
Before starting our experiment of optical image cloning, we monitored the prop-
agation of the images in free space. We imprinted a horizontal two-slit structure and an
octagon structure (using the mask as illustrated in Figure 3.10) onto the coupling beam and
monitored the propagation of these images taken at different positions of CCD camera from
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mask. During this process, all the optical components for cloning experiment, including the
vapour cell, were removed from the beam’s path.
Figure 3.11 shows the basic setup used for image propagation studies where ‘z’
corresponds to the distance of CCD camera from the mask. The images [(a)-(d)] are the
octagon structures imprinted onto the coupling beam and recorded at z = 4 cm, 17 cm, 34 cm
and 50 cm, respectively.
Figure 3.11: Schematics of the setup used to study the propagation of images imprinted
onto the coupling beam. The images [(a)-(d)] are the octagon structures imprinted onto the
coupling beam and propagating in free space and recorded at (a) z = 4 cm, (b) z = 17 cm,
(c) z = 34 cm, and (d) z = 50 cm.
We can clearly see an Arago’s spot appearing at the centre, due to Fresnel’s diffraction, as
the beam propagates more and more in free space.
3.7 Primary Optical Setup for Image Cloning
The schematic of the basic setup for the experiment of optical image cloning is
shown in Figure 3.12.
Figure 3.12: Schematic setup for image cloning. The observation plane for the experiment
is at L = 34 cm.
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The coupling beam (black) and the probe beam (red) propagate collinearly inside the warm
rubidium cell. The probe beam was bigger in size than the coupling beam so that it com-
pletely covered the coupling beam inside the vapour cell. Moreover, the two beams were
carefully aligned in such a way that they spatially overlapped each other inside the cell. The
alignment of the two beams greatly influence the quality of the cloned image. A mask was
used to imprint the image onto the coupling beam and afterwards, this image was transferred
onto the probe beam inside rubidium vapour cell. A polariser was used to block the coupling
beam after it passed through the cell and only the probe beam image was observed on the
CCD camera. We used ‘COHU4812’ CCD camera to acquire all the images produced in this
thesis.
The images for the first experiment were achieved without the need of any kind
of image processing, as these images were recorded when the temperature of the cell was
stable and the probe beam’s transmission was already low because of the absorption inside
the cell.
Figure 3.13: (a) Coupling and probe beam images at two-photon resonance, (b) Probe beam
in the absence of the coupling beam image and (c) Cloned probe beam image after subtract-
ing image (a) from image (b).
For the second experiment, the images were recorded when the cell was still
heating up and the probe beam’s transmission was high. Figure 3.13(a) was recorded at
two-photon resonance of the coupling and the probe beams where we cannot see horizontal
two-slit structure due to the background noise. Figure 3.13(b) shows the probe beam in the
absence of the coupling beam, where we can see the high transmission of the probe beam.
We subtracted image 3.13(a) from image 3.13(b) and we got the cloned probe beam image
without the background noise [See Figure 3.13(c)].
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Chapter 4
Optical Image Cloning using Coherent
Light
This chapter presents the experimental investigation of optical image cloning, via EIA, using
a coherent laser beam. We start with the demonstration of the propagation of the images in
free space imprinted onto the coupling beam. Later on, we show in our results, the diffraction
free cloned probe beam images, which were studied as a function of detuning of the coupling
beam and also as a function of power of the probe and coupling beams.
4.1 Free space propagation of the images imprinted onto
the coupling beam
4.1.1 Horizontal two-slit structure - Propagation and their characteri-
sation
At first, we imprinted a horizontal two-slit structure with an interspacing of
0.8 mm onto the coupling beam [Figure 4.1(a)]. The red dashed circle represents the cou-
pling beam. Figure 4.1(b) shows the coupling beam image of the horizontal two-slit structure
on the mask when illuminated by LED.
Figure 4.1: (a) Two-slit structure imprinted onto the coupling beam, (b) Mask illuminated
by LED.
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Figure 4.2: Free space propagation of the horizontal two-slit structure imprinted onto the
coupling beam; Their corresponding intensity profiles along transverse direction. (All im-
ages are on the same scale)
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We monitored the propagation of the imprinted image on CCD camera as seen in Fig-
ures 4.2(a), 4.2(c), 4.2(e), 4.2(g). We can see that at z = 4 cm [Figure 4.2(a)], some diffrac-
tion pattern on the outside of the two bands started appearing. The more it propagates into the
free space, the more diffraction started appearing at the centre of the two bands. At z = 34 cm
[Figure 4.2(c)], the image is completely distorted due to the diffraction, and this is the same
position that we use for the cloning experiment. The characterisation of the coupling beam
image is also done as shown in Figures 4.2(b), 4.2(d), 4.2(f), 4.2(h) against each case of ‘z’.
The intensity profile for all these cases were obtained by summing up all the intensity values
along the y-axis using a Mathematica program.
After studying the propagation of the horizontal two-slit structure in the free
space, we shifted our attention to a more complex structure - an octagon structure.
4.1.2 Octagon structure
We imprinted an octagon structure onto the coupling beam as seen in Figure 4.3.
At first, it seemed like a dot-structure on the mask when seen through a naked eye. The mask
was therefore observed under an optical microscope, which revealed that it was an octagon
structure. Here, the red dashed circle represents a coupling beam.
Figure 4.3: Octagon structure imprinted onto the coupling beam.
The coupling beam profile of the octagon structure can be seen in Figure 4.4.
In Figure 4.4(a), we can see that even propagating a small distance of 4 cm, a spot started
appearing at the centre of the coupling beam. This spot kept on getting bigger and bigger
after propagating more and more in free space. At z = 34 cm, the central spot got bigger
completely distorting the beam. This spot is due to Fresnel diffraction and is known as
Arago’s spot.
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Figure 4.4: Free space propagation of the octagon structure imprinted onto the coupling
beam and recorded at (a) z = 4 cm, (b) z = 17 cm, (c) z = 34 cm, (d) z = 50 cm.
After studying the images propagating in free space, we set up our experiment
for the optical image cloning.
4.2 Experimental Setup
The schematic diagram of the experimental setup can be seen in Figure 4.5. Both
the coupling and the probe beams were derived from the same ECDL. The beam was then
passed through the optical isolator which prevents the unwanted feedback of back-reflected
light. A small portion of the beam was sent to SAS setup using a beam splitter while the
other part of the beam was directed to the polarisation-maintaining fibre optic cable (FOC).
This FOC served as a spatial filter and resulted in a linearly polarised fundamental Gaussian
beam. The maximum power achieved after FOC was 17 mW. A HWP was adjusted in front
of the FOC to control the polarisation of the beam. Two 40 MHz acousto-optic modulators
(AOMs) were used to generate the frequency difference between the coupling beam and the
probe beam. These AOMs were driven by a two-channel RF frequency generator with a
frequency resolution of 10 kHz. After the beam had passed through first AOM, the zeroth
ordered beam was picked as a coupling beam. The first ordered beam, which was used as
a probe beam, had a frequency shift of -40 MHz. This frequency shift was compensated
by using a second AOM which shifted the frequency of this beam by +40 MHz and the
frequency offset between the two beams is again 0 MHz. We used these AOMs in order to
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study optical cloning as a function of frequency offset between the coupling and the probe
beams.
Figure 4.5: Schematic diagram of the experimental setup of optical image cloning using a
coherent beam. APP- Anamorphic Prism Pair; OI - Optical Isolator; BS - Beam Splitter;
SAS - Saturated Absorption Spectroscopy; FOC - Fibre Optic Cable; M - Mirrors; AOM1
& AOM2 - Acoustic-Optic Modulators; P1 & P2 - Polarisers, L1 & L2 - Lenses; PBS -
Polarising Beam Splitter; HWP - Half Wave Plates; QWP - Quarter Wave Plate; CCD -
Charged Coupled Device.
A telescope consisting of two lenses L1 and L2 with focal lengths of 50 mm and 150 mm,
respectively, was used to expand the size of the probe beam by three times its original size.
The diameter of the probe beam after expansion was measured to be 4.4 mm and the diameter
of the coupling beam was measured to be 1.7 mm. The power of the probe beam used for the
experiment was 110 µW and the power of the coupling beam was 2.5 mW. The maximum
power of the coupling beam before the mask was 3 mW, and it was controlled using a HWP
and a polariser P1. The two beams were combined into the vapour cell by using a PBS. A
positive mask was used to imprint a real 2D image onto the coupling beam. Throughout the
experiment, the vapour cell was heated around 32 ◦C. Since, the two beams were orthogo-
nally polarised with respect to each other, a QWP was positioned before the cell to make it
left and right circularly polarised. The coupling and the probe beams couple the two Zeeman
sublevels of the lower level and two sublevels of the excited level of rubidium atoms. A
second QWP was adjusted right after the cell which converted the polarisation of the beam
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back to linear. After the QWP, another PBS was used which blocked the coupling beam and
just transmitted the probe beam. However, the coupling beam leaked out of the polariser thus
interacting with the probe beam and caused interference between the two beams. Therefore,
we applied a small detuning of 10 kHz to the coupling beam and got rid of the interference
patterns observed on the cloned image. The probe beam image was monitored by a CCD
camera at a distance of 34 cm from the mask. Without the coupling beam, the probe beam
was completely absorbed. In the presence of coupling beam, at two-photon resonance due to
EIA, approximately 3% of the input probe beam was transmitted. We explored this condition
to optically clone an image from the coupling beam to the probe beam. We placed a mask on
the coupling beam path to induce a nonlinear selective absorption of the probe beam inside
the cell.
4.3 Results
4.3.1 Horizontal two-slit structure
We started cloning a horizontal two-slit structure first. The cloning occurs due to
the position selective absorption (transmission) of the probe beam in the absence (presence)
of the coupling beam.
Figure 4.6: (a) Free space propagation of the horizontal two-slit structure imprinted onto the
coupling beam and recorded at z = 34 cm, (b) Cloned probe beam image of the horizontal
two-slit structure at z = 34 cm.
Figure. 4.6(a) shows diffraction pattern onto the coupling beam recorded at z = 34 cm. The
cloned probe image [Figure 4.6(b)] transmitted using EIA effect was observed without the
usual diffraction at the observation plane. This can also be seen by looking at the intensity
profiles of these two images along x and y-axes [Figure 4.7]. In Figure 4.7(a), we can
see a third fringe between the two bright fringes (that were originally imprinted onto the
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coupling beam) (dotted blue line) and a cloned image profile (solid red line) beyond the
usual diffraction. In Figure 4.7(b), we can see the intensity profiles of the coupling beam
image (dotted blue line) and the cloned probe beam image (solid red line) along x-axis. We
cannot see any diffraction pattern along longitudinal direction as the horizontal lines were
considered infinitely long.
Figure 4.7: Coupling beam profile (cbp) of the horizontal two-slit structure and the cloned
probe beam image profile at z =34 cm along (a) x-axis and (b) y-axis.
We also compared these images with the mask image by looking at their intensity
profiles [Figure 4.8]. Figure 4.8(a) shows the intensity profile of the mask image (dotted
green line) and the coupling beam image (solid blue line). An additional fringe can be seen
in the coupling beam image profile whereas the the original mask image does not contain
this fringe. In Figure 4.8(b), we can see an intensity profile of the mask image (dotted green
line) and cloned image profile (solid red line).
Figure 4.8: Intensity profiles along x-axis of the mask illuminated by LED and (a) coupling
beam profile of the horizontal two-slit structure at z = 34 cm, (b) cloned probe beam image
at z = 34 cm.
As, the difference is quite clear between the images when we studied them by looking at
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their intensity profiles but it was necessary to evaluate the image quality in a more quantifi-
able way. We, therefore measured the structural similarity between the mask image and the
cloned image and also compared the similarity between the the mask image and the distorted
coupling beam image. The structural similarity was calculated by [46]:
S =
∑
m
∑
n(Amn − A)(Bmn −B)√
(
∑
m
∑
n(Amn − A)2)(
∑
m
∑
n(Bmn −B)2
(4.1)
Here, A & B corresponds to the matrices of the two images that we compare and A & B are
the corresponding averages. If the two images are identical: S=1 and if the two images are
totally dissimilar, then S=0.
In order to understand the order of the values of similarity in a better way, we
calculated the similarity between Figures 4.9(a) and 4.9(b). We noticed in Figure 4.9(a) that
even having a free space of width ‘a’ between the two rectangular blocks each of width ‘a’
had a similarity of 66 % with the rectangular block of width ‘3a’ [Figure 4.9(b)].
Figure 4.9: Image showing (a) the two rectangular blocks each of width ‘a’ with a free
spacing of ‘a’ between them, and (b) a rectangular block of width ‘3a’.
In order to get an image of the horizontal lines, we used a 2f-lens system. The
lens of focal length 5 cm was used and we illuminated the mask with LED. The lens was
placed 10 cm away from the mask and the lens relay the image onto the CCD camera which
was placed 10 cm away from the lens. In this way, the image recorded on CCD had exactly
the same size as that of the mask. We calculated the similarity of the image obtained by
illuminating the mask through an incoherent light and the coupling and the cloned probe
beam images.
The similarity between mask image [Figure 4.1(b)] and the coupling beam image
[Figure 4.6(a)] was calculated to be 78.9% and the similarity between the mask image [Fig-
ure 4.1(b)] and the cloned image [Figure 4.6(b)] was 96.7%. These results clearly demon-
strate the success of the cloning method adopted to eliminate diffraction at the observation
plane.
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4.3.2 Cloning of images as a function of coupling beam detuning
We next investigated the cloned probe beam image as a function of two-photon
detuning between the coupling and probe beams.
Figure 4.10: Cloned probe beam image as a function of detuning of the coupling beam at
(a) 0.5 MHz, (b) -0.5 MHz, (c) 1 MHz, (d) -1 MHz, (e) 3 MHz, (f) -3 MHz, (g) 6 MHz,
(h) -6 MHz.
We kept the frequency of the probe beam fixed at line centre and we detuned the coupling
beam frequency. We see, at a detuning of 1 MHz [Figures 4.10(a),4.10(b)] from the line
centre, the resolution of the image starts decreasing and the bright bands got wider. The
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resolution of the cloned probe beam image further decreased with a detuning of 3 MHz and
a clear distortion of the cloned probe beam image due to diffraction can be seen for the
detuning of 6 MHz. Thus, the optical image cloning works best close to resonance. It is
in agreement with the predictions from our theoretical model that cloning works best near
resonance.
4.3.3 Octagon structure
Afterwards, we cloned a more complex coupling beam structure. We imprinted
an octagon structure onto the coupling beam. Figure 4.11a is clearly showing diffraction
patterns at the centre of the coupling beam propagating in free space at a distance of z =
34 cm. Whereas, cloned probe beam image [Figure 4.11b] shows reduced diffraction at the
observation plane. Moreover, if we take a close look on the cloned probe beam image, we
can see edges inside it that are related to the original octagon structure on the mask.
Figure 4.11: (a) Free space propagation of an octagon structure imprinted onto the coupling
beam and recorded at z = 34 cm, (b) Cloned probe beam image of an octagon structure at z
= 34 cm.
4.3.4 Cloning of images as a function of power of the probe and cou-
pling beam
At last, we studied the cloned probe beam image as a function of power of the
probe and coupling beams when both the beams were at two-photon resonance. Firstly, we
fixed the power of the coupling beam at 2.5 mW and monitored the cloned probe beam image
at different probe beam powers: 140 µW, 170 µW and 200 µW. As seen in Figures 4.12[(a)-
(c)], there was no significant change in the cloned probe beam image.
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Figure 4.12: Cloned probe beam images as a function of power of the probe beam. Power of
the coupling beam fixed at 2.5 mW and probe beam power at (a) 140 µ W, (b) 170 µ W and
(c) 200 µ W
When we fixed the power of the probe beam at 200 µW and monitored the cloned
probe beam image at different powers of the coupling beam: 1.5 mW, 2 mW, 2.5 mW and
3 mW [Figure 4.13] , we could clearly see that with the increase in the power of the coupling
beam, the central portion of the cloned probe beam that was related to the octagon structure
started filling up.
Figure 4.13: Cloned probe beam images as a function of power of the coupling beam. Power
of the probe beam fixed at 200 µ W and coupling beam power at (a) 1.5 mW, (b) 2 mW and
(c) 2.5 mW and (d) 3 mW.
4.4 Summary
In this chapter, we presented an experimental investigation of optical image
cloning, via EIA, in a warm rubidium vapour cell. We successfully cloned images beyond
the usual diffraction at the observation plane. We showed that at two photon resonance of the
coupling and probe beams, there is no diffraction but as the detuning of the coupling beam
from the line centre increases, the diffraction pattern starts appearing. These experimental
results are in agreement with our theoretical results that cloning works best near resonance.
Later, we showed cloning as a function of power of the probe and the coupling beam where
we discussed that the cloned image is robust with the change in the power of the probe beam
but the cloned image of the octagon structure started filling up at the centre with the increase
in the coupling power.
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Chapter 5
Partially Coherent Light
In this chapter, we will give a brief introduction of partially coherent beams, in particular,
the spatially partially coherent beam. We also discuss the methodology involved in the gen-
eration of the spatially partially coherent beam. In the end, we show the characterisation of
the spatially partially coherent beam that we used for optical image cloning experiment.
5.1 Introduction
Real wavefields exhibit phases and frequencies that may vary with respect to
time and/or space. Coherence can be defined as the degree to which two or more waves
maintain nearly a constant phase relation at different temporal and spatial points. There are
two different aspects of coherence: Temporal coherence and spatial coherence. Temporal
coherence is a measure of the correlation between the phases of a light wave at different
points along the direction of propagation of light wave. It characterises how well a wave can
interfere with itself at a different time and can be determined by the spectral properties of
light. On the other hand, the spatial coherence is a measure of the correlation between the
phases of a light wave at different points transverse to the direction of propagation of that
light wave. It tells us about the uniformity of the phase of the wavefront and is determined
by the geometrical properties of the source.
A plane wave is considered perfectly spatially and temporally coherent and light
from a light bulb is spatially and temporally incoherent. Real optical beams can be coherent,
partially coherent or incoherent in both space and time. Figure 5.1 provides an intuitive
illustration of temporal and spatial coherence.In Figure 5.1(a), the waves propagate in the
same direction and have same wavelengths. Thus, they are spatially and temporally coherent.
In Figure 5.1(b), the propagation direction of the waves is different but they have the same
wavelength. Therefore, they are spatially incoherent but temporally coherent.
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Figure 5.1: (a) Spatial and temporal coherence, (b) spatial incoherence; temporal coherence,
(c) spatial coherence; temporal incoherence, (d) spatial and temporal incoherence.
In Figure 5.1 (c), the waves propagate in the same direction and have different wavelengths.
They are spatially coherent but temporally incoherent. In Figure 5.1(d), the waves neither
have a same direction of propagation nor have a same wavelength. Therefore, the waves are
both spatially and temporally incoherent.
The phases of individual beams may vary randomly, with respect to each other.
Therefore, we would need a statistical formulation to describe them properly. In order to
understand the property of coherence, it is important to know about stochastic processes [47,
48]. Stochastic processes (also known as random processes) are the processes used to de-
scribe the random changes in a system. In such cases, statistical properties such as averages,
standard deviations and correlations are used to describe the wave field. We use the second
order statistical properties of a field to determine the coherence between the wavefields. By
‘second order’, we mean that the electric fields are considered stationary and thus they can
be expressed in terms of intensities. In this thesis, we will focus our attention on spatially
partially coherent beams as our aim is to study the optical image cloning as a function of
spatial coherence of the beam.
Before proceeding towards the experiment, it is important to discuss about some
quantities that are useful in understanding the theory of partial coherence. The discussion of
these quantities in this chapter primarily follows [49–52].
Mutual Coherence Function
The correlation of the electric fields at different positions and at different times
is termed as mutual coherence. It can be written as:
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Γ(x1, x2, t1, t2) = 〈E∗(x1, t1)E(x2, t2)〉 (5.1)
where E(x,t) is the complex electric field at position ‘x’ and time ‘t’ and the angle brackets
denote the time average.
If the electric field is stationary in time, then the mutual coherence function can be written
as:
Γ(x1, x2, τ) = Γ12(τ) = 〈E∗(x1, t+ τ)E(x2, t)〉 . (5.2)
If |τ |  1/∆ν, then Γ (x1, x2; 0) ≡ Γ (x1, x2) and this quantity is called mutual intensity
and ∆ν is the frequency bandwidth.
The autocorrelation of electric field is given below:
Γ11(0) = 〈E∗(x1, t1)E(x1, t1)〉 = I1. (5.3)
The coherence function is generally normalized as:
γ12(τ) =
Γ12(τ)√
Γ11(0)Γ22(0)
=
Γ12(τ)√
I1I2
, (5.4)
where γ12(τ ) is called the complex degree of coherence. It has the property that
0 ≤ |γ12(τ)| ≤ 1, (5.5)
where ‘0’ corresponds to a fully incoherent beam and ‘1’ corresponds to fully coherent beam.
Any value of |γ| between 0 and 1 corresponds to a partially coherent light.
Coherence is usually measured by performing some kind of interference exper-
iment that uses light from two points in the light field. The intensity of that interference
pattern is measured and it contains a term that corresponds to the coherence function.
5.2 Spatial Coherence
A commonly used method to characterise the spatial coherence of a beam is
Young’s double-slit interference experiment. Youngs’s experiment as it pertains to charac-
terisation of spatial coherence, needs to be better explained: As the source grows from a
point source to a finite source, each point in the source produces its own diffraction pattern,
resulting in peaks and nulls in different locations.
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Figure 5.2: Young’s double slit experiment.
The combined pattern will have a reduced visibility, which will be inversely proportional
to source size. Furthermore, the resulting fringe spacing will be identical to the spacing of
fringes in the interference pattern resulting from an individual point in the source.
Intensity distribution
Figure 5.3 shows the geometrical construction of a double slit experiment from
two point sources. Light vibrations from the pinholes s1 and s2 interfere at point P on the
screen, which is at distance r1 from slit s1 and at distance r2 from slit s2 respectively. The
total instantaneous electric field E at point P on the screen is equal to the vector sum of the
two sources: E = E1 +E2. Taking the time average of E2, the intensity I of the light at point
P is:
I = 〈(E1 + E2) (E∗1 + E∗2)〉 ,
= I1 + I2 + 2Re {〈E1E∗2〉} .
(5.6)
The cross term 2Re {〈E1E∗2〉} represents the correlation between the two light waves.
Figure 5.3: Geometrical construction of the Young’s double slit experiment.
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For incoherent sources, there is no definite phase relation between E1 and E2, therefore, the
cross term 2Re {〈E1E∗2〉} vanishes and,
I = I1 + I2. (5.7)
For coherent sources, this term is non-zero and can be written in terms of mutual coherence
function as:
I = I1 + I2 + 2Re {Γ12 (τ)} . (5.8)
Using equation 5.4, the intensity can be expressed as:
I = I1 + I2 + 2
√
I1I2Re {γ12(τ)} , (5.9)
= I1 + I2 + 2
√
I1I2|γ12(τ)|cos(φγ(τ)). (5.10)
Relationship between fringe visibilty and coherence function
The visibility of fringes as illustrated in Figure 5.4 is defined as:
V =
Iamp
Imean
=
Imax − Imin
Imax + Imin
, (5.11)
where Imax and Imin are the brightest and the dimmest intensities achieved by the wavefield.
Figure 5.4: The interference pattern achieved in a double-slit experiment showing a visibility
of 75 %. Imax and Imin vary across the interfence pattern.
The visibility of the interference pattern is equal to the complex degree of coherence. The
value of complex degree of coherence cannot be measured directly by measuring the inten-
sity of the wave field at the observation plane. Therefore, this value is obtained by calculating
the visibility of the fringes.
Now, if τ = 0, the equation 1.11 can be written for the possible maximum and minimum
intensities as:
Imax = I1 + I2 + 2
√
I1I2|γ12(0)|, (5.12)
Imin = I1 + I2 − 2
√
I1I2|γ12(0)|. (5.13)
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If Imax = Imin, the visibility is zero which means that the fringes are washed away (i.e. the
wave field is spatially incoherent). When Imin = 0, the visibility is equal to 1, which means
that the beam is fully coherent. Now the visibility can be written as:
V =
2
√
I1I2|γ12|
I1I2
, (5.14)
|γ12| = I1 + I2
2
√
I1I2
.V. (5.15)
For I1 = I2, the degree of coherence is equal to the visibility of the fringes. If |γ12| = 1, the
beam is fully spatially coherent and if |γ12| = 0, the beam is spatially incoherent.
5.3 Generation of Partially Coherent Laser Beam
In order to generate a partially coherent laser beam, the experimental setup
shown in Figure 5.5 was used. This method is adapted from [53].
Figure 5.5: Schematic setup for the generation of partially coherent laser beam. L1 and
L2 - Lenses, D - Acrylic disc, Mc - Microscope objective, S - double-slits, CCD - Charged
Coupled Device.
In our experiment, the laser beam at first passed through lens L1 of focal length 10 cm.
Afterwards, it passed through microscope objective Mc with a 4X magnification. An acrylic
disc D, sprayed with a finishing mist, was used to generate the partially coherent laser beam.
The spray produced a randomly-distributed, uniform rough coating on the surface of the disc.
This rough surface has granular structures on it and when the light passes through the disc,
it results in speckle formation. Figure 5.6 shows speckle patterns at different positions of
the disc to the focus of the beam. These speckle patterns were recorded without a lens and
the disc was not rotating at this point. A micrometre was used to precisely translate the disc
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along the optical axis to change the distance Xd. When the disc is at focus, Xd = 0.
Figure 5.6: Speckle patterns at (a) Xd = 0 mm, (b) Xd = 1.5 mm and (c) Xd = 13.35 mm.
After recording the speckle patterns, we placed the double slits and a lens L2 after the mi-
croscope objective. A CCD was placed at the focus of lens L2 to observe the interference
pattern at Fraunhofer region. A low (4 Hz) frequency signal was applied to the motor M to
rotate the disc. This frequency was chosen to keep the temporal coherence low and disc was
rotated to get an ensemble average. When the disc is at the focal point of the lens L1 (Xd =
0), the beam is nearly coherent. It can be completely coherent if the focussed beam is smaller
than the average grain size. As the disc moves away from the focus, the coherence of the
beam becomes low. Another linear translational stage was used for microscope objective.
This is because each time we move the disc away or towards the focal point, the collimation
of the beam changes and we need to move the microscope objective along the optical axis to
collimate the beam again.
5.4 Characterisation of Spatially Partially Coherent Laser
Beam
We used Young’s classical experiment to characterise the partially coherent laser
beam. Two-slits (S) spaced 100 microns apart were used to generate the interference fringes.
After passing through an objective microscope Mc, the beam passed through S. A lens L2 of
focal length 10 cm was used to observe the interference patterns at Fraunhofer plane (F). A
CCD camera was placed at Fraunhofer plane to observe the interference fringes.
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Figure 5.7: Interference pattern and the intensity profile at (a) Xd = 0 mm with |γ| = 0.9,
(b) Xd = 1 mm with |γ| = 0.50,(c) Xd = 5 mm with |γ| = 0.30, (d) Xd = 13.5 mm with
|γ| = 0.11.
We analysed the visibility of these interference fringes using a Mathematica program. The
formula to calculate the degree of coherence is given below:
I(x) = Io + I1sinc2[A(x− x1)][1 + |γ| cos[B(x− x2)]], (5.16)
where Io and I1 represent the intensity, A and B represent the frequency and (x1, x2) refer to
the phase. We used a nonlinear fit model to find the value of |γ| by adjusting the following
fitting parameters: I0, I1, x1, x2, A and B.
Figure 5.7 shows the interference pattern and their respective intensity profiles
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for different cases of degree of coherence |γ|. The graph in figure 3.9 shows the degree of
coherence as a function of distance of the disc from focus. The beam was nearly coherent
(|γ| = 0.9) at focus (Xd = 0 mm). It can be fully coherent if the size of the focussed beam
is smaller than the granular structures on the disc. As the disc moves away from the focus,
the visibility of the fringes becomes low. At a distance of 5 mm from the focal point, we
got a visibility of 0.27. We measured the coherence of the beam at 11 different positions i.e.
Xd = 0 mm to Xd = 5 mm at steps of 0.5 mm. Each value of spatial coherence shown in this
graph is an average of 4 readings.
Figure 5.8: The degree of spatial coherence |γ| as a function of the distance of the acrylic
disc from the focus Xd.
5.5 Summary
In this chapter, we briefly discussed the theory of partial coherence, explaining
the mutual coherence function |Γ(τ )| and normalized function |γ12(τ )|. The latter one, which
is also called complex degree of coherence, cannot be measured directly from the intensity
of the wavefield at the observation plane and therefore, it is determined by the visibilty of
fringes in an interference experiment. We demonstrated the concept of spatial coherence
by Young’s classical double slit experiment. We have also shown the method adapted to
generate the partially coherent beams and later, we showed the characterisation of the beam.
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Chapter 6
Optical Image Cloning using Partially
Coherent Light
In the previous chapter, we discussed the generation and characterisation of spatially partially
coherent beam. In this chapter, we study free space propagation of images imprinted onto
the coupling beam for different values of spatial degree of coherence. We also describe the
experimental setup used for image cloning and afterwards, we present our results of image
cloning as a function of spatial coherence of the coupling beam along with the analysis of
our results.
6.1 Introduction
Partially coherent beam has been providing promising advantages in imaging
applications than its counterpart coherent beam. It not only prevents image degradation due
to speckle noise but also effectively eliminates ringing artefacts, making it appealing for
accurate quantitative imaging.
Thermal light, also known as partially coherent light, has been extensively used
for ghost imaging [54–56] and for an imaging system using lens [57, 58]. There are just few
studies that have been done to show the interaction of thermal light with the atomic vapour.
These studies are based on EIT [27, 28] and CPT [29, 30]. The interaction of thermal light
has already been explored for image storage and retrieval. In this chapter, we present our
results that not only efficiently transfer the spatially partially coherent coupling beam image
onto the probe beam but demonstrates that the transferred image has better quality than the
input coupling beam image.
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6.2 Free space propagation of the coupling beam images
and their characterisation
We studied free space propagation of the coupling beam by using the same opti-
cal setup described in section 3.6.
Figure 6.1: Free space propagation of the horizontal two-slit structure imprinted onto the
coupling beam (left side) and the intensity profiles of the coupling beam (right side) recorded
at z = 34 cm.
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Figure 6.1 shows the coupling beam image of the horizontal two-slit structure propagating in
free space and their respective intensity profiles along x-axis. These images were recorded
for five different values of degree of coherence |γ| = 0.90, 0.76, 0.58, 0.46 and 0.27. A
clear diffraction pattern in the coupling beam image can be seen at the observation plane.
The observation plane is at z = 34 cm. Moreover, we can see that as the coherence of the
coupling beam decreases, the visibility of the fringes become low leading to an even greater
distortion of the image.
6.3 Experimental Setup
The schematic diagram of the experimental setup can be seen in Figure 6.2. Both
the coupling and the probe beams were derived from the same ECDL. The beam was then
passed through the optical isolator which prevents the unwanted feedback of back-reflected
light.
Figure 6.2: Schematic diagram of the experimental setup of optical image cloning using a
coherent beam. APP- Anamorphic Prism Pair; OI - Optical Isolator; BS - Beam Splitter;
SAS - Saturated Absorption Spectroscopy; FOC - Fibre Optic Cable; M - Mirrors; AOM1
& AOM2 - Acoustic-Optic Modulators; P1 & P2 - Polarisers, L1 & L2 - Lenses; PBS -
Polarising Beam Splitter; HWP - Half Wave Plates; QWP - Quarter Wave Plate; CCD -
Charged Coupled Device.
A small portion of the beam was sent to SAS setup using a beam splitter while the other
part of the beam was sent for the experiment of image cloning. A beam splitter further splits
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the beam and one part of this beam was used as a coupling beam and the other as the probe
beam. A telescope consisting of lenses ( L1 and L2 ) was used to expand the size of the
coupling beam. Afterwards, the beam passed through the setup for the generation of PCB
(as discussed in section 5.3). The purpose of expanding the coupling beam was to get the
beam size smaller at the focus of L3 such that it is smaller than the grain size on the disc
and we get high value of coherence when the disc is at focus. A telescope consisting of two
lenses L4 and L5 with focal lengths of 50 mm and 150 mm, respectively, was used to expand
the size of the probe beam by three times its original size. The diameter of the probe beam
after expansion was measured to be 4.3 mm. The power of the probe beam used for the
experiment was 150 µW and the power of the coupling beam was 2 mW after the mask and
it was controlled using a HWP and a polariser P1. The two beams were combined into the
vapour cell by using a PBS. A positive mask (see section 3.5) was used to imprint a horizontal
two-slit structure onto the coupling beam and a homemade mask was used to imprint a letter
‘I’ onto the coupling beam. Throughout the experiment, the vapour cell was heated to 38 ◦C.
Since, the two beams were orthogonally polarised with respect to each other, a QWP was
positioned before the cell to make it left and right circularly polarised. The coupling and
the probe beams couple the two Zeeman sublevels of the lower level and two sublevels of
the excited level of rubidium atoms. A second QWP was adjusted right after the cell which
converted the polarisation of the beam back to linear. After the QWP, another PBS was
used which blocked the coupling beam and just transmitted the probe beam. However, the
coupling beam leaked out of the polariser thus interacting with the probe beam and caused
interference between the two beams. Therefore, we applied a small detuning of 10 kHz to
the coupling beam and got rid of the interference patterns observed on the cloned image.
In order to generate this small frequency difference, we used two 40 MHz acousto-optic
modulators (AOMs). These AOMs were driven by a two-channel RF frequency generator
with a frequency resolution of 10 kHz. After the beam had passed through the first AOM,
the zeroth ordered beam was blocked and the first ordered beam was sent to the second
AOM. The frequency of the first order beam, that had a frequency shift of -40 MHz, was
compensated by sending this beam to the second AOM with a frequency shift of +40 MHz.
These AOMS were used to create a small frequency difference for the case of |γ| = 0.9, when
the coupling beam was nearly coherent. The probe beam image was monitored by a CCD
camera at a distance of 34 cm from the mask.
6.4 Results
In this section, we show our results of optical image cloning using a spatially par-
tially coherent coupling beam. We show the successful transfer of spatially partially coherent
coupling beam image onto the probe beam beyond the usual diffraction at the observation
plane.
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6.4.1 Horizontal two-slit structure
Figure 6.3 shows the cloned probe beam image for different values of degree of
coherence of the coupling beam, with their respective intensity profiles along x-axis. These
images were obtained by subtracting the background of the images.
Figure 6.3: Cloned probe beam image of the horizontal two-slit structure (left) recorded at
z = 34 cm and intensity profiles of the corresponding cloned probe beam images (right).
Each image is an average of 8 images.
Each time we moved the disc towards or away from the focus of lens L3, the size of the beam
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changed and we needed to adjust the collimation of the beam by adjusting the micrometre
of the microscope objective Mc. The size of the coupling beam changed from 1.75 mm to
2.5 mm with the change of degree of coherence.
6.4.2 Analysis of the cloned horizontal two-slit structure
At first, we analysed our results by comparing the intensity profiles of the cou-
pling beam image with the cloned probe beam image. These intensity profiles of the coupling
beam images and the cloned probe beam images were obtained by summing up the intensity
along x-axes using a Mathematica program. Figure 6.4 shows the intensity profile of the
coupling beam image (dotted blue lines) and the cloned probe beam image (solid red lines)
for different cases of |γ| observed at the same distance of z = 34 cm.
Figure 6.4: Coupling beam profile (cbp) and the cloned probe beam image profile of the
horizontal two-slit structure along x-axis with (a) |γ| = 0.90, (b) |γ| = 0.76, (c) |γ| = 0.58, (d)
|γ| = 0.46, (e) |γ| = 0.27. The images corresponding to these intensity profiles are recorded
at z = 34 cm.
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We can clearly see a difference between the coupling beam image and the cloned probe beam
image by looking at their intensity profiles along x-axes in the above figure. In Figure 6.4(a)
the coupling beam profile (blue dotted line) has clearly a third fringe between the two main
fringes that were initially imprinted onto the coupling beam whereas the cloned beam image
has no diffraction when observed at the same distance. For all the cases of |γ|, we can see that
the cloned image is beyond the usual diffraction than the coupling beam images propagated
in free space for the same cases. In Figure 6.4(e), we can see that the visibility of the fringes
of the coupling beam becomes too low that we cannot even identify that it was the horizontal
structure that was imprinted onto the coupling beam but if we take a look on the cloned probe
beam image profile (solid red line), the cloned image is still identifiable.
After analysing our results by comparing the intensity profiles, we calculated the
structural similarity of the cloned images with the mask image in Figure 4.1(b).
Table 6.1: Similarity of the cloned and coupling beam images with the mask image
|γ| Cloned Image (%) Coupling beam image (%)
0.90 98.3 ±0.2 60.4±0.6
0.76 94.2±0.5 62.8±0.4
0.58 93.8±0.4 60.9 ±0.3
0.46 83.7 ±0.3 61.7 ±0.2
0.27 81±1 60.8 ±0.7
Here, the first column shows the values of degree of coherence of the coupling
beam. The second column shows the calculated value of similarity between the mask image
(that was obtained by illuminating the mask with LED) and the cloned probe beam image.
The third column shows the similarity measurement of the coupling beam image with the
mask image for different values of degree of coherence. The quality of the coupling beam
seems improved with the decreasing value of degree of coherence, nevertheless, the quality
of the cloned image is still better than the coupling beam image.
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6.4.3 The letter ‘I’
After studying the image cloning of horizontal two-slit structure, we studied the
optical cloning of a more complex structure with horizontal and vertical lines. We therefore
picked a letter ‘I’ for image cloning. For this, we used a homemade mask (by printing a letter
‘I’on the transperancy sheet) with ‘I’ being transparent and the outer part being opaque. The
dimensions of this mask can be seen in Figure 6.5.
Figure 6.5: Letter ‘I’ imprinted onto the coupling beam.
For cloning the letter ‘I’, we expanded the coupling beam by a factor of 2. For this, we used
a telescope consisting of lenses of focal lengths 5 cm and 10 cm. Each time we moved the
disc towards or away from the focus of lens L3, we needed to adjust the collimation of the
beam by adjusting the micrometre of the microscope objective Mc. The size of the coupling
beam changed by changing the degree of coherence. For |γ| = 0.9, the size of the coupling
beam was 3.3 mm and at |γ| = 0.11, the size of the coupling beam was 3.85 mm. This image
was imprinted onto the coupling beam, and we recorded this image after it propagated for
a distance of z = 34 cm. We studied the coupling beam image for six different cases of its
spatial coherence [Figures 6.6 (a), (c), (e), (g), (i), (k)] and their corresponding cloned images
can be seen in Figures 6.6 (b), (d), (f), (h), (j), (l). The quality of the cloned image for each
case of spatial coherence is better than the same image when propagated in free space. We
can see that the image has been successfully transferred to the probe beam beyond the usual
diffraction at the observation plane, even when the beam was completely incoherent.
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Figure 6.6: Coupling beam image (left) and the cloned probe beam image (right) recorded at
z = 34 cm. (These images were recorded with the disc rotating). Each cloned image of letter
‘I’ is an average of 8 images.
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However, we can see that the cloned images are bold. This was because we introduced a
small angle between the coupling and the probe beams because the spatial profile of that
portion of the probe beam was better at the time of experiment. As, there was an angle
between the two beams, they overlapped each other inside the cell for a comparatively shorter
distance than for the case when they propagate collinearly inside the cell. It therefore effects
the quality of the cloned image and makes the image bold. If a large angle is introduced
between the coupling and the probe beams, it can reduce or even cancel the effect of EIA, as
in case of EIT [41].
As, we have seen that optical image cloning takes place for almost an incoherent
case, via the coherent effect of EIA. Previous studies [44] have demonstrated that EIA res-
onance disappears for fully incoherent coupling beam. This EIA signal was recorded when
the probe beam was focussed on the photodiode. As, for the cloning experiment, the probe
beam is not focussed at one point and it is rather spread on the entire screen of CCD. We
cloned the speckle patterns from the coupling beam while the disc was stopped (i.e. not
rotating). The purpose of cloning the speckle patterns was to demonstrate that each speckle
pattern depending on the intensity of the speckle gets cloned from the coupling beam to the
probe beam via EIA and when we rotate the disc, we get an average of all those speckle
patterns.
Figure 6.7 shows the speckle patterns of the letter ‘I’ from the coupling beam for
three different positions of the disc recorded at the position of the entrance of the cell.
Figure 6.7: Speckle patterns from the coupling beam for three different positions of the disc
recorded at z = 6.5 cm.
Figure 6.8 shows the cloned images of the speckles of letter ‘I’ for three different positions
of the disc recorded at z = 34 cm. Only the speckles that have high intensity are transferred
to the probe beam via EIA.
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Figure 6.8: Cloned image of the speckle patterns of the letter ‘I’ for three different positions
of the disc recorded at z = 34 cm. The disc was not rotating at this time.
Figure 6.9(a) shows the coupling beam image of the letter ‘I’ and Figure 6.9(b) shows the
cloned image of letter ‘I’ when the disc was being rotated. Thus, we got an average of all the
speckles.
Figure 6.9: (a) Coupling beam image of letter ‘I’ recorded at the entrance of the cell at
z = 4.5 cm, (b) Cloned image of letter ‘I’ recorded at z = 34 cm. These images were recorded
while the disc was rotating.
6.5 Summary
We have successfully transferred the coupling beam images onto the probe beam
for different values of degree of coherence. We have seen that the cloned probe beam image
for each case of degree of coherence has better quality than the same image when propagated
in free space.
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Chapter 7
Conclusions
This thesis has presented, both theoretically and experimentally, cloning of an optical image
in rubidium vapour cell, via EIA. We successfully transferred the coupling beam image onto
the probe beam beyond the usual diffraction at the observation plane.
In the first part of this thesis, we have shown both theoretically and experimen-
tally, optical image cloning using fully spatially coherent beam. We have described the
cloning mechanism using our theoretical model. Image cloning based on EIA takes place
due to the manipulation of the susceptibility. Cloning via EIA is based on position selective
nonlinear absorption of the probe beam. The refractive index plays a small role in image
cloning via EIA. We have shown in our theoretical results that when there is no free space
in the setup, the cloned image is two times narrower than the input coupling beam. We have
also shown theoretically that cloning works best near resonance and as the coupling beam
detuning increases, the diffraction pattern starts appearing. We also studied theoretically
that the positive detunings give better results of cloned image than the negative detunings.
Our experimental results of optical image cloning as a function of detuning of the coupling
beam are in agreement with our theoretical results that cloning works best near resonance.
We also experimentally studied optical image cloning as a function of power of the probe
and the coupling beams. We observed that as we increased the power of the coupling beam,
the diffraction pattern starts appearing. The quality of the probe beam was robust with the
increase in the power of the probe beam. The similarity of the cloned image with the original
image for the case of fully spatially coherent beams was calculated to be 96.7%. Our results
are comparable with the results demonstrated using the effects of EIT and CPT. Cloning
based on these effects benefits from large detunings of several MHz whereas optical image
cloning based on EIA gives optimum results for a very small detuning of 0.5 MHz.
Remarkably, we were able to clone a complex optical image using almost fully
incoherent beam which has been shown in the second part of this thesis. We presented our
experimental results of optical image cloning, via EIA, using spatially partially coherent
light. We have demonstrated the successful transfer of spatially partially coherent coupling
beam image onto the probe beam without the usual diffraction at the observation plane. The
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similarity of the cloned images with the original image ranges from 81% - 98.3% for different
values of degree of coherence. We also studied the cloning mechanism for the incoherent
coupling beam, via EIA. We have demonstrated that even for the case of incoherent coupling
beam, the portion of the beam that has high intensity is imprinted onto the probe beam and
when the disc is rotated, it gives an average of the images.
Our results can facilitate wide variety of applications like optical keying, optical
lithography etc. with dominant impact on optical image processing.
There are some questions that remain to be investigated:
• There is a need to develop a theoretical model to illucidate cloning mechanism with
incoherent light.
• Is the cloned image coherent or incoherent? Under EIT, the cloned image does not
obtain the transverse phase distribution from the coupling beam [14]. The same should
happen under EIA, but there is a need for an experimental verification.
• How could the phase structure of the coupling beam be transferred to the probe beam?
This is tied to the question of whether it is possible to clone the image of a pure
phase object (objects that are transparent, but may have bumps or pits in their surface
or refractive index inhomogeneities, and therefore, only alter phase information). It
might be relevant to bioimaging.
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Appendix A
The 87Rb D2 Line
Daniel A. Steck from Los Alamos National Laboratory has presented a very useful reference
of the 87Rb line data [4]. Here, we just show the physical and optical properties of 87Rb and
also D2 line of 87Rb transition that are relevant to our experiment.
Table A.1: 87Rb Physical Properties [4]
Atomic Number Z 37
Total Nucleons Z + N 87
Relative Natural Abundance η (87Rb) 27.83(2)%
Atomic Mass m 86.909 180 520(15) u
1.443 160 60(11) 1025 kg
Density at 25◦C ρm 1.53 g/cm3
Table A.2: 87Rb D2 Transition Optical Properties [4]
Frequency ω0 2pi 384.230 484 468 5(62) THz
Transition Energy h¯ω0 1.589 049 439(58) eV
Wavelength (Vacuum) λ 780.241 209 686(13) nm
Wavelength (Air) λair 780.032 00 nm
Wave Number (Vacuum) kL/2pi 12 816.549 389 93(21) cm1
Lifetime τ 26.24(4) ns
Decay Rate/
Natural Line Width (FWHM)
Γ 38.11(6) 106 s1
2pi 6.065(9) MHz
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Figure A.1: 87Rb D2 hyperfine structure. Blue line represents F = 2→ F’ = 3 closed transition
explored in this thesis.
94
Appendix B
Split-Step Operator Method
The split-step approach can be used to analyse the beam propagation through a spatially in-
homogeneous media. The effect of propagation of the weak probe beam with Rabi frequency
α(x, z) can be calculated using Maxwell’s equations in the following paraxial approxima-
tion:
∂g (x, z)
∂z
=
i
2kp
(
∂2
∂x2
+
∂2
∂y2
)
g (x, z) + 2ipikp 〈χ23〉 g (x, z) , (B.1)
The 1st term in the right side of above equation represents the diffraction of the probe beam
in a medium and the 2nd term corresponds to the absorption and dispersion of the probe
beam in a medium. Although the two terms act simultaneously, we may suppose that, for
a propagation over a very small step h, we may split the two effects, such that each small
step is considered to occur in a homogeneous medium. We also consider that in each small
step, the two effects act one after the other. The total propagation distance is divided in
sub-intervals of length h. One propagates the electric field in the uniform medium over
a first half step h / 2. The next one adds a linear phase shift due to the presence of the
absorption and dispersion effects over the entire step h. Finally one propagates the electric
field in an uniform medium over the remaining half step h / 2. In order to simplify, let us
represent the free space propagation by operator ‘A’ and the absorption and dispersion effects
by operator ‘B’ such that,
A =
i
2kp
(
∂2
∂x2
+
∂2
∂y2
)
,
B = 2ipikp 〈χ23〉 .
So, equation (B.1) can be written as:
∂g (x, z)
∂z
= (A+B) g (x, z) . (B.2)
If we suppose that over a sufficiently small step h, B is constant in z, then the solution can be
formally written as:
g (x, z + h) = exp {h (A+B)} g (x, z) . (B.3)
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If we know that the operators A and B commute, then equation (B.3) can be written as:
g (x, z + h) = exp (hA/2) exp (hB) exp (hA/2) g (x, z) . (B.4)
The propagation of the probe beam in the first half step (the diffractive step) can be written
as:
∂g
∂z
=
i
2kp
(
∂2
∂x2
+
∂2
∂y2
)
g. (B.5)
Let us consider the above equation in a single transverse direction x, such that:
∂g
∂z
=
i
2kp
∂2g
∂x2
. (B.6)
By calculating the Fourier transform of the probe field profile, the above equation can be
easily solved in the spatial frequency domain fx
g˜ (fx, z) =
∫ ∞
−∞
g (x, z) exp (−i2pifxx) dx = F {g} (fx, z) , (B.7)
g (x, z) =
∫ ∞
−∞
g˜ (fx, z) exp (i2pifxx) dfx = F
−1 {g˜} (x, z) , (B.8)
F
{
∂g
∂x
}
= i2pifxg˜, (B.9)
F
{
∂2g˜
∂x2
}
= (i2pifx)
2 g˜. (B.10)
By calculating the Fourier transform of paraxial equation of beam propagation, we obtain:
∂g˜
∂z
= −i. 1
2kp
(2pifx)
2 g˜. (B.11)
The effect of diffraction on a step h in frequency domain is:
g˜ (fx, z + h) = exp
{ −i
2kp
(2pifx)
2 h
}
g˜ (fx, z) . (B.12)
In order to go back to the transverse spatial coordinate domain, we apply inverse Fourier
transformation,
g (fx, z + h) = F
−1 {g˜ (fx, z + h)} . (B.13)
The Helmholtz equation may take the form:
∂2E
∂z2
+
∂2E
∂x2
+ k2pE = 0. (B.14)
In the frequency domain, the above equation can be written as:
∂2E
∂z2
+ (i2pifx)
2E + k2pE = 0, (B.15)[
∂E
∂z
− i
√
k2p − (2pifx)2E
] [
∂E
∂z
+ i
√
k2p − (2pifx)2E
]
= 0. (B.16)
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The term that corresponds to the propagation of the probe field in the positive z direction is:
∂E
∂z
= i
√
k2p − (2pifx)2E. (B.17)
Now let us consider that E = g˜. exp (ikpz),
g (fx, z + h) = g (fx, z) exp
{
i
(
−kp +
√
k2p − (2pifx)2
)
h
}
. (B.18)
The following results correspond to the solution of the paraxial equation:
−kp +
√
k2p − (2pifx)2 = kp
(
−1 +
√
1− (2pifx)
2
k2p
)
∼= −1
2
(2pifx)
2
kp
, (B.19)
δβ = −kp +
√
k2p − (2pifx)2, (B.20)
g˜ (fx, z + h) = g˜ (fx, z) exp (iδβh) . (B.21)
Now, we consider the absorption and dispersion effect in the entire step h and the probe beam
propagation equation can be written as:
∂g
∂z
= Bg. (B.22)
The solution of the differential equation is:
g (x, z + h) = g (x, z) exp
(∫ z+h
z
B (x, z) dz
)
, (B.23)
∫ z+h
z
B (x, z) dz ∼= h
2
(B (x, z + h) +B (x, z)) , (B.24)
exp (hB) = exp
{
h
2
(B (x, z + h) +B (x, z))
}
. (B.25)
The split-step operator method for the probe beam propagation can be summarised in the
following three steps:
• The free propagation over the first half step h/2 is:
g
(
x, z +
h
2
)
= exp
(
hA
2
)
g (x, z)
= F−1
[
ex
(
iδβ
h
2
)
F {g (x, z)}
]
, (B.26)
• The nonlinear propagation over full step h is:
g
(
x, z +
h
2
)
= exp (hB) g
(
x, z +
h
2
)
= exp
[
h
2
[B (x, z) +B (x, z + h)]
]
g
(
x, z +
h
2
)
, (B.27)
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• The free space propagation for the second step h/2 is:
g (x, z + h) = exp
(
hB
2
)
g
(
x, z +
h
2
)
= F−1
[
exp
(
iδβ
h
2
)
F
{
g
(
x, z +
h
2
)}]
. (B.28)
